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Abstract
One of the simplest questions in riverine science remains unanswered: "What controls the width and depth of
rivers?". This question has long been one of concern to scientists who seek to understand both the first-order
and higher-order complexities of riverine morphodynamics, as well as to those who use morphological
features to interpret past and present climates of Earth and other planetary bodies. Alluvial rivers, rivers that
have beds and banks composed of mobile sediment, present an opportunity to understand the relationship
between river discharge, bank material, and channel form. A wealth of theoretical and empirical work has
demonstrated that coarse-grained rivers (average bed grain size > 10mm) self-organize their hydraulic
geometries such that fluid shear stresses in the channel are slightly in excess of the threshold of motion for the
bed sediment. By contrast, and in spite of their global prevalence, there exists no satisfactory theory to explain
the controls on the hydraulic geometries of fine-grained river systems (average bed grain size < 1mm).
To address this, we combine analysis of global channel geometry data sets in combination with examination of
a longitudinal river profile as it transits from gravel to sand-bedded, to propose that alluvial rivers adjust their
geometry to the threshold-limiting material: the structural component of the river channel that is the most
difficult to erode. For coarse-grained rivers it is gravel, but for sand-bedded rivers it is mud (if present). Thus,
for gravel-bedded rivers, given that the critical shear stress for bed material is typically larger than that of
muddy/sandy banks, their first-order hydraulic geometry may be understood without considering bank
composition. For sand-bedded rivers, however, we posit that cohesive bank material is crucial for setting
hydraulic geometry.
We have developed a novel instrument, designed explicitly for ease of implementation in the field, that is
capable of determining the critical shear stress of cohesive sediments in-situ. By directly controlling the fluid
shear stress exerted on the substrate, and detecting the onset of erosion by monitoring abrupt changes in the
turbidity of the eroding fluid, we are able to determine the threshold of motion for a given cohesive substrate.
We use this instrument to test our hypothesis that all alluvial river channels, regardless of grain size, adjust
their cross-sectional geometry such that bankfull fluid shear stress is close to the critical shear stress associated
with the threshold-limiting material. We have conducted a field investigation on a river in the New Jersey
coastal plain to contrast direct measurements of bank toe erodibility against estimations of bankfull shear
stress, back-calculated from surveys of channel geometry. From this, we demonstrate that the critical shear
stress of the cohesive bank toe material is the first-order attractor for the hydraulic geometry of fine-grained
alluvial rivers. We utilize this framework to cast the controls on braided versus single-threaded planform
morphologies in terms of a channel's discharge, slope, and threshold-limiting material erodibility, and
demonstrate that the presence of cohesive sediment in river banks allows for single-threaded planform
morphologies in the overwhelming majority of alluvial river systems.
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ABSTRACT
A STICKY PURSUIT OF THE THRESHOLD CHANNEL: THE EFFECT OF COHESION
ON ALLUVIAL RIVER CHANNEL GEOMETRY
Kieran Bernard Jiamin Dunne
Dr. Douglas Jerolmack
One of the simplest questions in riverine science remains unanswered: "What controls the
width and depth of rivers?". This question has long been one of concern to scientists who
seek to understand both the first-order and higher-order complexities of riverine morpho-
dynamics, as well as to those who use morphological features to interpret past and present
climates of Earth and other planetary bodies. Alluvial rivers, rivers that have beds and
banks composed of mobile sediment, present an opportunity to understand the relation-
ship between river discharge, bank material, and channel form. A wealth of theoretical
and empirical work has demonstrated that coarse-grained rivers (average bed grain size >
10mm) self-organize their hydraulic geometries such that fluid shear stresses in the chan-
nel are slightly in excess of the threshold of motion for the bed sediment. By contrast, and
in spite of their global prevalence, there exists no satisfactory theory to explain the controls
on the hydraulic geometries of fine-grained river systems (average bed grain size < 1mm).
To address this, we combine analysis of global channel geometry data sets in combi-
nation with examination of a longitudinal river profile as it transits from gravel to sand-
bedded, to propose that alluvial rivers adjust their geometry to the threshold-limiting ma-
terial: the structural component of the river channel that is the most difficult to erode. For
coarse-grained rivers it is gravel, but for sand-bedded rivers it is mud (if present). Thus,
for gravel-bedded rivers, given that the critical shear stress for bed material is typically
ix
larger than that of muddy/sandy banks, their first-order hydraulic geometry may be un-
derstood without considering bank composition. For sand-bedded rivers, however, we
posit that cohesive bank material is crucial for setting hydraulic geometry.
We have developed a novel instrument, designed explicitly for ease of implementation
in the field, that is capable of determining the critical shear stress of cohesive sediments
in-situ. By directly controlling the fluid shear stress exerted on the substrate, and detecting
the onset of erosion by monitoring abrupt changes in the turbidity of the eroding fluid, we
are able to determine the threshold of motion for a given cohesive substrate. We use this
instrument to test our hypothesis that all alluvial river channels, regardless of grain size,
adjust their cross-sectional geometry such that bankfull fluid shear stress is close to the
critical shear stress associated with the threshold-limiting material. We have conducted a
field investigation on a river in the New Jersey coastal plain to contrast direct measure-
ments of bank toe erodibility against estimations of bankfull shear stress, back-calculated
from surveys of channel geometry. From this, we demonstrate that the critical shear stress
of the cohesive bank toe material is the first-order attractor for the hydraulic geometry
of fine-grained alluvial rivers. We utilize this framework to cast the controls on braided
versus single-threaded planform morphologies in terms of a channel’s discharge, slope,
and threshold-limiting material erodibility, and demonstrate that the presence of cohesive
sediment in river banks allows for single-threaded planform morphologies in the over-
whelming majority of alluvial river systems.
x
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Chapter 1
Introduction
The movement of surface water across a landscape, from its first inception point as runoff
to its final destination in the ocean, is a journey that demonstrates the prevalence of physics-
driven self-organization of a dynamic system in the face of near-infinite variability and
complexity. In spite of variations in geological, climatic, and even planetary setting, chan-
nelization of gravity-driven overland flow of fluid appears to be a ubiquitous phenomenon
across Earth and other planetary bodies. This universal tendency is indicative of the com-
mon physical mechanisms that drive erosion in any environment that contains a shearing
fluid and an erodible substrate. As such, numerous studies have demonstrated that, by
and large, there is little variation in the morphology of the channels formed by flows un-
der a variety of terrestrial, submarine, and extraterrestrial conditions (Foreman et al., 2015;
Dietrich et al., 2017; Seybold, Kite, and Kirchner, 2018). Thus, any form of channel system
should, at its most fundamental level, be able to be described solely by the relationship
between the shearing fluid, the material properties of the eroding substrate, and driving
force of gravity. This dissertation seeks to seeks to elucidate those fundamental controls
for alluvial rivers — rivers which have beds and banks comprised of mobile sediment, and
as such, have channels that are able to shape their form through the mechanics of sediment
transport. Systematic examination of how channel cross-sectional geometry and planform
patterns change with differences in channel material and fluid shearing conditions can test
how/whether these latter variables can explain the morphologies created by channeliza-
tion.
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Furthermore, alluvial rivers are make up the overwhelming majority of rivers on the
Earth’s surface, and developing a fundamental understanding of their morphology and
morphology-dependent dynamics provides valuable implications for engineering, conser-
vation, and landscape management. As such, for almost one hundred years, scientists
and engineers have worked to elucidate the controls on river morphology and dynam-
ics (Lacey, 1930; Leopold and Maddock, 1953). At the heart of many theories explaining
riverine morphological processes and features, such as meandering, braiding, and avul-
sions, lies a simple, yet previously unanswered, question: what controls the shape and
size of a river channel?
In spite of the full range of processes that occur within a given river system, the width
and depth of the channel appear to be predominantly scaled by water discharge, and sec-
ondarily scaled by grain size. This average channel geometry, referred to as the "equilib-
rium" channel geometry, does not reflect the absence of dynamics or stochastic variability,
but rather the central tendency of a given river channel to self-organize its cross-sectional
geometry to a certain width and depth in spite of the full range of natural variability and
morphodynamic processes. While the scaling relationships between water discharge and
channel cross-sectional geometry are well-known, a mechanistic explanation for these scal-
ing relationships has yet to be fully developed.
The first empirical relationship relating an alluvial river’s hydraulic geometry, its width,
depth, and slope, to its water discharge was done by Lacey (1930), and subsequently fol-
lowed by Leopold and Maddock (1953) which established a series of quantitative hydraulic
scaling relationships as a function of their bankfull discharge. Subsequently, Wolman and
Miller (1960) proffered a linkage between the observed bankfull channel morphology and
flood frequency that established the bankfull channel geometry as the most relevant point
of reference for channel morphology, from both a geomorphic and hydrological stand-
point. Subsequent decades of empirical work have demonstrated the effects of geographic
(Parker et al., 2007; Richards, 1987) and morphologic (Gaurav et al., 2015; Métivier et al.,
2016) variability, as well as the influence of localized forcings, such as vegetation, geolog-
ical variability, and sediment supply (Huang and Nanson, 1998; Schwendel et al., 2015;
Chapter 1. Introduction 3
Kleinhans et al., 2009; Nanson and Young, 1981; Ferguson, 1987; Pfeiffer, Finnegan, and
Willenbring, 2017). However, in spite of this full range of variability, the original scaling
relationships are robust for global compilations of channel geometry data: bankfull width
and depth, and channel slope, scale as power-law functions of the bankfull discharge with
little variation in their exponents (Parker et al., 2007; Métivier et al., 2016; Gaurav et al.,
2015). This is indicative of a common organizing mechanism for alluvial rivers.
The application of these hydraulic geometry scaling relationships in combination with
an additional "closure" scheme is referred to as "regime theory". While there are multiple
branches of regime theory, only one branch, threshold channel theory, provides a parsi-
monious, first-order solution that explicitly links channel geometry with the mechanism
of erosion, fluid shear stress, thus providing a physical mechanism to explain the con-
trols on hydraulic geometry. Threshold channel geometry theory was first conceived by
Lane (1935), and subsequently formalized by Parker (1978b), for rivers that translate their
sediment load by bedload, the translation of sediment grains along the bed of the river
by rolling, sliding, or saltation, which typically correspond to coarse-grained rivers with
an average bed sediment grain diameter greater than 10mm. Threshold channel theory
states that the bankfull channel geometry is self-organized such that the bankfull fluid
shear stress exerted on the channel bank toe is at the threshold of motion for its consti-
tutive material. For a uniform, non-cohesive substrate, the bankfull fluid shear stress in
the center of the channel is slightly in excess of the threshold of motion, thus allowing for
maintenance of a consistent channel width and depth, while simultaneously allowing for
sediment transport. This model has been supported for coarse-grained rivers around the
globe through both analysis of global data sets and studies of individual rivers, as well
as through laboratory-based validation (Phillips and Jerolmack, 2016; Gaurav et al., 2015;
Métivier et al., 2016; Gaurav et al., 2017; Singer, 2008; Pitlick, Marr, and Pizzuto, 2013;
Reitz et al., 2014).
In contrast to the wealth of theoretical and empirical work that has been done to delin-
eate the controls on the hydraulic geometry of coarse-grained rivers, there currently exists
no satisfactory theory which explains the controls on the equilibrium hydraulic geometry
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of fine-grained rivers (average bed sediment grain diameter less than 1mm), which typi-
cally translate their sediment load in suspension, and have hydraulic geometries such that
bankfull shear stresses are well in excess of the threshold of motion for their bed mate-
rial (Church, 2006; Wilkerson and Parker, 2010; Parker, 1978a; Ikeda, Parker, and Kimura,
1988). A number of theoretical studies have proffered solutions to this conundrum of sta-
ble geometry in the absence of a force-balance, however they have been repeatedly inval-
idated by contradictory laboratory and field evidence (Wilkerson and Parker, 2010). Thus
far, a mechanistic solution to this problem remains elusive.
This dissertation seeks to illuminate the controls on the equilibrium hydraulic geom-
etry of fine-grained alluvial river channels by taking into account the effects of granular
cohesion in river bank sediments. This work will build upon pre-existing threshold chan-
nel theory for coarse-grained rivers, which I will expand to include fine-grained alluvial
rivers by accounting for the effects of their cohesive river bank material, thus developing
a unifying mechanistic framework for understanding the controls on the hydraulic geom-
etry for all alluvial rivers.
Chapter 2 considers recently proposed empirical trends in global data sets of hydraulic
geometry (Trampush, Huzurbazar, and McElroy, 2014; Li et al., 2015; Phillips and Jerol-
mack, 2016; Métivier et al., 2016) and re-analyzes those global data sets in conjunction
with examination of individual longitudinal river profiles (Singer, 2010; Devauchelle et
al., 2011; Reitz et al., 2014), to propose the guiding hypothesis for this dissertation: that
alluvial rivers, regardless of grain size, follow threshold channel theory by adjusting their
geometry to the threshold-limiting material - the structural component of the river channel
that is the most difficult to erode. For coarse-grained rivers, the threshold-limiting mate-
rial is the gravel that makes up the bed and banks. Given that the threshold of motion for
gravel is typically greater than the threshold of erosion for mud (Kothyari and Jain, 2008;
Ternat et al., 2008), the first-order hydraulic geometry of coarse-grained rivers can be un-
derstood without consideration of bank composition. We postulate that the consideration
of cohesive bank material is paramount for setting the hydraulic geometry of fine-grained
alluvial rivers.
Chapter 1. Introduction 5
Testing the hypothesis proposed in Chapter 2 requires well-constrained measurement
of the erodibility of cohesive sediment. Granular cohesion is a complex, multifaceted prob-
lem that is dependent upon a wide range of variables, such as clay content, compaction,
organic material content, etc. (Ternat et al., 2008; Hoomehr et al., 2018; Bullock, Nelson,
and Kemper, 1988; Malarkey et al., 2015; Parsons et al., 2016; Teasdale et al., 2018), the in-
dividual effects of which are beyond the scope of this dissertation. Given this complexity,
it is not feasible to model the threshold of erosion for a cohesive substrate in a field setting,
and thus the threshold of erosion must be determined empirically. Additionally, because
some of the components, such as compaction, that influence cohesion can be irreversibly
altered if a sample is extracted, cohesion must also be measured in-situ. While numerous
methods exist to determine the threshold of erosion for cohesive sediment in-situ (Hanson
and Cook, 2004; Hanson and Simon, 2001; Aberle, Nikora, and Walters, 2004; Amos et al.,
1992), they all suffer from a variety of issues associated with either data reproducibily and
validity, cost, and/or ease of implementation and use in a field setting. The state of the
art for the in-situ measurement of cohesive sediment erodibility is the Jet Tester (Hanson
and Cook, 2004; Hanson and Simon, 2001; Hanson, Cook, and Simon, 2002; Constantine,
Dunne, and Hanson, 2009), however this method utilizes an impinging jet to determine
substrate erodibility which is not the mechanism of erosion experienced by sediment in a
riverine environment. Furthermore, the Jet Tester is known to suffer from significant un-
certainty and reproducibility issues (Karamigolbaghi et al., 2017). Chapter 3 addresses this
technological gap. We have developed a novel instrument that is capable of measuring the
erodibility of both cohesive and non-cohesive sediment in-situ. The instrument applies a
horizontal fluid shear stress, a "like-to-like" analogue for the mechanism of erosion in nat-
ural environments, and detects the onset of erosion using optical sensors. Furthermore, it
is specifically designed for ease of implementation in a field setting, as well for affordable
replication for those who wish to use this design in the future. In Chapter 3, we outline
the design process and perform a series of experiments to calibrate the instrument. From
this, we demonstrate the capabilities of the instrument by conducting a series of laboratory
experiments using the instrument to determine the effect of clay content on the erodibility
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of a cohesive substrate, as well as a series of experiments to determine the erodibility of
non-cohesive sediment to provide a comparison to validated predictors of the threshold of
motion for non-cohesive sediments (Shields, 1936; Rijn, 2016).
Chapter 4 describes the testing of the central hypothesis of this dissertation: that fine-
grained rivers self-organize their hydraulic geometry such that their bankfull shear stresses
are approximately equivalent to the threshold of erosion for the cohesive sediment that
makes up their bank toes. In other words, we test the idea that all alluvial river chan-
nels are threshold channels with regards to their threshold-limiting material. To test this
hypothesis, we conducted a field investigation on the Mullica River, located in the New
Jersey coastal plain. The Mullica River is a sand-bedded river system with muddy, co-
hesive channel banks that flows through Wharton State Forest in southern New Jersey.
We conducted field surveys of channel cross-sectional geometry and water surface slope,
and utilized the in-situ erodibility testing device, developed in Chapter 3, to determine
the threshold of erosion for the cohesive bank toes. A number of characteristics distin-
guish our work from previous studies of bank strength: 1) we explicitly target the bank
toe - the region that is the intersection of width and depth that a river must erode through
in order to widen or deepen; and 2) we directly measure the erodibility of the cohesive
bank toes in-situ, using a novel instrument that provides an appropriate analogue to the
shearing mechanism experienced by the sediment under normal flow conditions. From
the surveyed hydraulic geometry, we are able to calculate the bankfull fluid shear stresses
in the channel and compare those values against the threshold erosion stress for the co-
hesive bank toe material. Results demonstrate that the hydraulic geometry of the Mullica
River is such that the bankfull fluid shear stress in the channel is slightly in excess of the
threshold of erosion for the cohesive bank toe material, and thus, the Mullica River can be
described as a threshold channel. When compared to sand-bedded rivers in global data
sets, the Mullica River is comparable to other rivers in every way, and thus our results
indicate that the erodibility of the cohesive bank toe material is the first-order attractor for
the hydraulic geometry of fine-grained alluvial rivers.
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Expanding on this finding, we revisit the global data sets analyzed in Chapter 2 in com-
bination with experimental measurements for cohesive sediment erodibility from Chapter
3. We have demonstrated from field data that threshold channel theory is applicable to
fine-grained river channels when the erodibility of cohesive sediment is taken into ac-
count, and thus that the threshold channel closure can be applied to both coarse-grained
and fine-grained river channels. Utilizing this closure, we are able to model the bank-
full width of a river channel as a function of its bankfull water discharge, channel slope,
and threshold-limiting material erodibility. From this, we compare our modelled bank-
full channel width against measurements of bankfull channel width to demonstrate that
the first-order equilibrium hydraulic geometry of all alluvial rivers, regardless of grain
size, can be predicted when the erodibility of the threshold-limiting material is properly
accounted for. Building from this powerful threshold channel closure, we proceed to ad-
dress the controls on the planform morphology for all alluvial rivers. We utilize threshold
channel theory to cast the theoretical point of transition from a braided planform morphol-
ogy to a single-threaded planform morphology in terms of channel discharge, slope, and
erodibility of its threshold-limiting material. We utilize global data sets and two individ-
ual case studies to demonstrate that the elucidated controls on channel width also set a
river’s first-order planform morphology. Ultimately, we thoroughly demonstrate that, by
properly accounting for the erodibility of the threshold-limiting material, the morphology
of all alluvial river systems can be described to a first-order by the relationship between
their water discharge and substrate erodibility.
This thesis has been devoted to developing an understanding of the first-order controls
on channel morphology in alluvial rivers. By empirically demonstrating that the control-
ling mechanism for channel cross-sectional geometry is identical for coarse-grained and
fine-grained river channels, this thesis attempts to allow for a common mechanistic the-
ory to be applied across all alluvial river systems, regardless of grain size. These findings
provide a theoretical framework in which higher-order complexities, such as the effects of
sediment supply, the curvature of meander bends, and rates of channel migration, can be
mechanistically addressed. Understanding first-order controls of complex and dynamic
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landforms is critical for understanding the effects of individual forcings on the system,
and predicting how landscapes will respond in turn.
Chapter 2
Evidence of, and a Proposed
Explanation for, Bimodal Transport
States in Alluvial Rivers
Chapter published as:
Dunne, K. B. and Jerolmack, D. J.: Evidence of, and a proposed explanation for, bimodal
transport states in alluvial rivers. Earth Surface Dynamics, 6, 583–594, doi: 10.5194/esurf-6-
583-2018 (2018).
Abstract:
Gravel-bedded rivers organize their bankfull channel geometry and grain size such that
shear stress is close to the threshold of motion. Sand-bedded rivers on the other hand typi-
cally maintain bankfull fluid stresses far in excess of threshold, a condition for which there
is no satisfactory understanding. A fundamental question arises: Are bed-load (gravel-
bedded) and suspension (sand-bedded) rivers two distinct equilibrium states, or do allu-
vial rivers exhibit a continuum of transport regimes as some have recently suggested? We
address this question in two ways: (1) re-analysis of global channel geometry datasets,
with consideration of the dependence of critical shear stress upon site-specific character-
istics (e.g. slope and grain size); and (2) examination of a longitudinal river profile as it
transits from gravel to sand-bedded. Data reveal that the transport state of alluvial river-
bed sediments is bimodal, showing either near-threshold or suspension conditions, and
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that these regimes correspond to the respective bimodal peaks of gravel and sand that
comprise natural river-bed sediments. Sand readily forms near-threshold channels in the
laboratory and some field settings, however, indicating that another factor, such as bank
cohesion, must be responsible for maintaining suspension channels. We hypothesize that
alluvial rivers adjust their geometry to the threshold-limiting bed and bank material —
which for gravel-bedded rivers is gravel, but for sand-bedded rivers is mud (if present) —
and present tentative evidence for this idea.
2.1 Introduction
Almost 100 years ago, Lacey, 1930 proposed an empirical relationship relating the width
of an alluvial river to its water discharge. Leopold and Maddock, 1953 built upon this
to derive the hydraulic scaling relations for bankfull channel geometry of alluvial rivers.
Decades of research since have added geographic (Parker et al., 2007; Richards, 1987) and
morphologic (e.g., braided vs. meandering, Gaurav et al., 2015; Métivier et al., 2016) vari-
ety to data compilations, and recognized the importance of vegetation and geologic con-
trols that were not originally considered (e.g., Huang and Nanson, 1998; Schwendel et
al., 2015; Kleinhans et al., 2015; Nanson and Young, 1981; Ferguson, 1987). Yet the orig-
inal findings are robust: bankfull width (Wbf ), bankfull depth (Hbf ) and slope (S) scale
as power-law functions of bankfull discharge (Qbf ) with little variation in the exponents
(Parker et al., 2007), suggesting a simple and common organizing principle for alluvial
rivers. Cast in dimensionless form following Métivier et al. (2016) and Andrews (1984),
with Q∗ = Qbf/
√
RgD550 where D50 is the river-bed median grain size, R is the particle
submerged specific gravity, and g is gravity, the often-called “regime equations” read:
Wbf/D50 = αWQ
βW∗
Hbf/D50 = αHQ
βH∗
S = αSQ
βS∗
(2.1)
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where α and β are dimensionless parameters. The theoretical underpinning of the regime
equations (2.1) is both well known and elusive; it is the equilibrium channel geometry
problem (Leopold and Maddock, 1953). Considering fluid mass conservation in a rectan-
gular channel:
Qbf = ubfHbfWbf , (2.2)
and friction via a Chezy-type relation:
ubf =
√
gHbfS/Cf , (2.3)
where ubf and Cf are average bankfull flow velocity and friction factor, respectively, we
obtain two relations among the governing hydraulic variables. If Qbf , D50 and Cf are
specified (as is typical), one still requires an additional relation among the parameters to
close the set of equations and derive equation 2.1 (Métivier, Lajeunesse, and Devauchelle,
2017).
“Regime theory” is the application of these agreed upon relationships with one addi-
tional threshold channel based-assumption to allow for closure. There are three dominant
branches of regime theory, each with their own form of a threshold channel closure as-
sumption that separate regime theory into three distinct schools of thought: 1) assume
that river are canals, and thus threshold channels; 2) assume that the transport regime
is purely bedload and solve the 2-D flow field to balance fluid shear stress and particle
weight at the edge of the channel, while simultaneously allowing for transport at the cen-
ter; 3) assume that the river undergoes an optimization process that maximizes friction in
order to reduce fluid shear stress, ultimately resulting in a threshold channel.
The first school of thought is based upon work done to calculate the shape of a stable
canal for which the bed material is at the threshold of motion (Glover and Florey, 1951).
This work has been extended to natural rivers by Henderson (1961), and offers an expla-
nation for observations of alluvial river width relating to the water discharge (Henderson,
1961; Andrews, 1984; Métivier, Lajeunesse, and Devauchelle, 2017). This line of thinking
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links well in with the second branch of a regime theory which as was established by Parker
(1978b). Parker (1978b) solved the 2-D stress field to show that, for a pure bedload river,
the channel is at the threshold of motion for the material at the banks and slightly above
the threshold of motion in the center, allowing for the river to transport sediment, while
at the same time maintaining a stable and consistent width. This model is supported by
both global compilations of data and case studies of individual rivers that demonstrate
that bedload-dominanted gravel-bedded rivers are slightly offset from a threshold chan-
nel (Phillips and Jerolmack, 2016; Gaurav et al., 2015; Métivier et al., 2016). Several stud-
ies have presented evidence that sediment supply and bank vegetation may drive gravel
channels further above threshold (Pfeiffer, Finnegan, and Willenbring, 2017; Millar and
Quick, 1998). Values for Shields stress in gravel-bed rivers reported for a wide range of
environments, however, rarely exceed 2-3 times critical.
Parallel to this grain size-dependent channel geometry is the concept of optimization
which assumes that rivers seek a threshold channel condition by maximizing the flow
resistance within the channel to minimize the fluid shear stress (Eaton, Church, and Mil-
lar, 2004; Eaton and Church, 2007). The rational regime theory put forward by Eaton at-
tempts to infer the importance of bank strength given deviations away from the threshold
condition that is posited by optimality theory (Eaton, Church, and Millar, 2004; Eaton
and Church, 2007). However, these relationships are predominantly calibrated on coarse-
grained rivers where research has shown that the influence of cohesive mud is a minor
control on the erodibility compared to the weight of the gravel (Kothyari and Jain, 2008).
What distinguishes our work from this work is that we extend the concept of Parker’s
threshold channel model into the space occupied by fine-grained rivers by the suggestion
that river channel geometries, and their subsequent sediment transport state are either
controlled by the erodibility of their beds or their banks. This paper shows the transition
from rivers that can be explained entirely by Parker’s theory (i.e. channel beds and banks
composed of uniform material transported entirely in bedload) to channels that cannot.
For natural rivers, this transition most frequently occurs at the transition from a gravel-
bedded to a sand-bedded condition. This transition coincides with the point at which bed
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material becomes small enough such that the cohesion of channel banks should become
important. What we show is that the sediment transport state is bimodal because grain
size is bimodal; the coarser gravel mode is more difficult to entrain than any cohesive bank
material, while the finer sand mode is easier to entrain than any cohesive bank material (if
present).
As nicely summarized in a recent series of papers (Métivier et al., 2016; Gaurav et al.,
2015; Métivier, Lajeunesse, and Devauchelle, 2017), a useful starting point for the equi-
librium channel geometry problem is to consider what we call here the "ground state" in
which no sediment transport occurs. In this situation, which may be achieved in a labora-
tory experiment with a constant Qbf and no sediment feed, the river organizes such that
the boundary shear stress everywhere along the channel cross section is at the threshold of
motion (Métivier, Lajeunesse, and Devauchelle, 2017). Accordingly, the local and width-
averaged bankfull Shields stress should be at the critical value, τ∗bf = τ∗c, and may be
estimated assuming normal flow as:
τ∗bf =
HbfS
RD50
(2.4)
where R = 1.65 is the assumed relative submerged grain density. Setting equation 2.4
equal to τ∗c provides the necessary closure to determine channel geometry, as first illus-
trated by Lacey (Lacey, 1930) who solved for the shape of a canal. Of course, natural
rivers are not canals; they transport sediment, which requires that their formative Shields
stress be larger than critical. Compilations of channel geometry and Shields stress, using
global datasets, reveal that alluvial rivers naturally break out into two classes: gravel-bed
rivers (D50 > 10mm) in which 1 6 τ∗bf/τ∗c 6 2, and sand-bed rivers (D50 < 1mm) with
τ∗bf/τ∗c >> 1. The scaling exponents (equation 2.1) for both classes are similar and in rea-
sonable agreement with predictions from "Lacey’s law", however, the coefficients are dif-
ferent from each other and the threshold channel (Métivier, Lajeunesse, and Devauchelle,
2017; Métivier et al., 2016; Gaurav et al., 2015).
Parker (1978b) provided the first generalization of the threshold channel theory to
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gravel-bed rivers, which transport sediment as bed load. He recognized that stable river
banks are incompatible with transport; the transverse slope drives a net flux away from
the bank, leading to erosion and channel widening. The solution to the so-called "stable-
channel paradox" (Parker, 1978a) lies in the lateral (cross-stream) gradient in bed stress
— flow velocity and depth increase with distance away from the bank. An equilibrium
channel may therefore be constructed that is marginally above threshold in the center but
at threshold on the banks. Parker (1978b) predicted τ∗bf/τ∗c ≈ 1.2 for equilibrium bed-
load rivers, in agreement with observations of natural gravel-bed rivers (Paola, Heller,
and Angevine, 1992; Parker et al., 1998; Dade and Friend, 1998; Parker et al., 2007; Phillips
and Jerolmack, 2016) and laboratory experiments (Ikeda, Parker, and Kimura, 1988; Pitlick,
Marr, and Pizzuto, 2013; Reitz et al., 2014). In terms of the regime equations 2.1, gravel-
bed rivers thus follow expectations from the threshold theory but with a slight offset due to
their higher bankfull Shields stress (Métivier, Lajeunesse, and Devauchelle, 2017). Parker
(1978a) also realized that sandy (suspension) rivers cannot behave in a similar manner,
in that boundary stresses even at the channel margins would be above threshold leading
to erosion. In order to counter slope-driven bank erosion, Parker (1978a) and subsequent
researchers (Ikeda and Nishimura, 1985; Ikeda, Parker, and Kimura, 1988; Wilkerson and
Parker, 2010) proposed that lateral diffusion of suspended sediment outward from the
channel center could compensate for inward bed-load sediment transport from the banks.
While physically reasonable, suspension channel theories have not provided a satisfactory
description of sandy river channel geometry. At present there is no accepted model for the
equilibrium geometry of river channels far above threshold.
In the absence of a theory, subsequent research has focused on examining trends drawn
from compilations of data on channel hydraulic geometry and bankfull discharge. Exami-
nation of gravel-sand transitions along downstream river profiles indicates that the mode
of bed-material transport may switch abruptly from near-threshold (gravel-bedded) to sus-
pension (sand-bedded) (Miller et al., 2014; Venditti et al., 2015; Venditti et al., 2010; Singer,
2010; Singer, 2008; Blom et al., 2017), and hydraulic considerations have suggested that
susceptibility to suspension increases rapidly as grain size decreases across the gravel to
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sand range (Lamb and Venditti, 2016). On the other hand, recent compilations of global
data sets have been used to suggest that rivers exhibit a continuum of transport states —
from near threshold through to full suspension — and that bankfull Shields stress varies
smoothly with grain size, slope and particle Reynolds number (Parker et al., 2007; Wilk-
erson and Parker, 2010; Li et al., 2015; Trampush, Huzurbazar, and McElroy, 2014)). Im-
portantly, this new presentation of the data suggests that there is no range in phase space
where rivers cluster near the ground state of a constant threshold Shields stress (Fig. 2.4).
Phillips and Jerolmack (2016) found, however, that gravel-bed rivers do indeed cluster
close to the threshold of motion — if the dependence of threshold upon site-specific char-
acteristics (e.g. slope or grain size (Lamb, Dietrich, and Venditti, 2008; Rijn, 2016)) is explic-
itly accounted for. Moreover, while previous data compilations found that bankfull Shields
stress increases systematically with decreasing grain size (Li et al., 2015; Trampush, Huzur-
bazar, and McElroy, 2014), one may readily find data that contradict this trend. Channels
formed by seepage erosion in sand (Devauchelle et al., 2011; Marra et al., 2015) are ob-
served to transport sand as bedload and, like gravel bedload rivers, cluster approximately
at the threshold of motion. Similarly, sand-bedded rivers in laboratory experiments also
form near-threshold channels (Reitz et al., 2014; Métivier et al., 2016; Federici and Paola,
2003).
We are left with three questions that will be considered in this paper. First, how do
rivers transition from near-threshold to suspension states? Second, is the near-threshold
channel an attractor, or merely a limiting state? And third, how do suspension rivers
maintain an equilibrium channel geometry? We address these questions by re-analysis of
existing data. We revisit the global data compilations of Li et al. (2015) and Trampush,
Huzurbazar, and McElroy (2014), and argue that natural rivers appear to exhibit bi-modal
transport states corresponding to near threshold (order 1 multiplier of threshold) and far-
above threshold (order 10-100 multiplier of threshold). We also show that this bi-modal
behavior is exhibited within a single river profile transiting the gravel to sand transition.
These results lend credence to the hypothesis first put forward by Lane (1935) and then
Schumm (1960): Alluvial rivers adjust their geometry to the threshold-limiting bed and
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bank material. It follows that sand-bed rivers may be suspension channels if their banks
are composed of more resistant material (Church, 2006), e.g., cohesive sediment and/or
vegetation. Gravel rivers, on the other hand, should be less sensitive to bank composition
due to the relatively high threshold stress for entrainment of coarse grains (Schumm, 1960).
2.2 Data Sources
The large, global datasets utilized in this paper are identical those used by Trampush,
Huzurbazar, and McElroy (2014) and Li et al. (2015). They were subsequently combined
with a longitudinal profile from the Sacramento River (Singer, 2010), river channel cross
sections on the Kosi Megafan (Gaurav et al., 2015), and channels formed by seepage ero-
sion in the Apalachicola ravines in Florida (Devauchelle et al., 2011) and in a laboratory
(Reitz et al., 2014). This combination of data allows for the following comparisons between
localized examples and global trends in river channel characteristics: 1) how changes in
hydraulic geometry and sediment transport regime that a single river experiences across
a gravel-sand transition compare to exhibited global trends in hydraulic geometry and
Shields stress; and 2) how rivers that originate in sandy substrates with little cohesion
compare in terms of hydraulic geometry and sediment transport regime to channels with
gravel beds. All data used in this analysis (Li et al., 2015; Trampush, Huzurbazar, and
McElroy, 2014; Singer, 2010; Gaurav et al., 2015; Devauchelle et al., 2011; Reitz et al., 2014)
are available as supplementary material and include bankfull estimates of width, depth,
slope, grain size, and discharge.
Our re-analysis requires that we estimate the critical Shields stress for incipient motion,
τ∗c , for each data point. Determination of τ∗c is a notorious problem (Buffington and Mont-
gomery, 1997; Mueller, Pitlick, and Nelson, 2005; Lamb, Dietrich, and Venditti, 2008; Rijn,
2016) and, despite the best efforts of researchers, no theory can reliably predict values for
the field. Nevertheless, there is strong field and laboratory evidence that τ∗c varies with
site-dependent characteristics, such as slope (Mueller, Pitlick, and Nelson, 2005; Lamb, Di-
etrich, and Venditti, 2008; Phillips and Jerolmack, 2014; Phillips and Jerolmack, 2016) and
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grain size (Shields, 1936; Rijn, 2016). In this study we use and compare the empirically-
determined slope-dependent relation of Lamb, Dietrich, and Venditti (2008):
τ∗c = 0.15S
0.25, (2.5)
to the Shields-curve fit of Rijn (2016):
τ∗c =
0.3
1 +D∗
+ 0.055
(
1− e−0.02D∗) (2.6)
where D∗ = (Rg)1/3D50/ν2/3 is dimensionless grain size and ν is kinematic viscosity.
We note that our findings change little if we use the linear slope-dependent relation of
Mueller and Pitlick (2005) instead of equation 2.5.
2.3 Hydraulic Geometry Scaling Revisited
We first examine hydraulic geometry scaling as suggested by the regime equations 2.1. For
comparison, we also compute the expectations for a threshold channel following Métivier
et al. (Métivier et al., 2016; Gaurav et al., 2015):
Wbf
D50
=
[
pi√
µ
(τ∗c)−1/4
√
3Cf
23/2K[1/2]
]
Q
1/2
∗ ;
Hbf
D50
=
√µ
pi
(τ∗c)−1/4
√
3
√
2Cf
K[1/2]
Q1/2∗ ;
S =
[
(
√
µτ∗c)5/4
√
23/2K[1/2]
3Cf
]
Q
−1/2
∗ .
(2.7)
For simplicity, we choose values for the following coefficients to be identical to those re-
ported in Métivier et al., 2016: Chezy friction factor Cf ≈ 0.1, Coulomb friction coefficient
µ ≈ 0.7, and K[1/2] ≈ 1.85. These values could be manipulated to enhance their fit to data
if desired, but this exercise is not performed here. We treat τ∗c in two ways: (1) assuming a
constant critical Shields stress with a representative gravel-bed river value τ∗c = 0.03 as in
Chapter 2. Evidence of, and a Proposed Explanation for, Bimodal Transport States in
Alluvial Rivers 18
Métivier et al., 2016; and (2) using the slope and grain size dependent critical values from
equations 2.5 and 2.6, respectively.
To first order, gravel- and sand-bedded rivers could be described by a single contin-
uous power-law relation for dimensionless channel width Wbf/D50 as a function of Q∗.
A second-order feature is present, however, in the high Q∗ limit; a subset of sand-bed
streams show an upward offset from the general trend (Fig. 2.2). Dimensionless chan-
nel depth Hbf/D50 shows similar behavior, except that the high-Q∗ sandy streams show a
downward rather than upward offset. In general, gravel-bed rivers are close to threshold
predictions while sand-bed streams depart more significantly, similar to earlier findings
by Métivier et al. (Métivier et al., 2016; Gaurav et al., 2015). Both constant and slope-
dependent threshold channel predictions capture the general trends, but predict a system-
atically steeper scaling exponent than is exhibited by the data. Slope has a behavior that
is distinctly different from width and depth; sand-bedded rivers in general display a large
offset from the gravel-bedded river trend, and a correspondingly large offset from thresh-
old channel predictions (Fig. 2.2). Slope exhibits more scatter than channel geometry, a
common pattern in river data compilations that likely reflects the long timescale associ-
ated with slope adjustment (Métivier et al., 2016; Gaurav et al., 2015). Note that, for all
variables, the sandy seepage erosion channels in Florida generally plot with the gravel-
bedded river data showing that sand-bedded rivers do not necessarily behave differently
from gravel-bedded ones.
One interesting finding is that the product of dimensionless width and depth, i.e., di-
mensionless channel cross-sectional area, shows the tightest relation to Q∗ and no offset
between gravel- and sand-bed channels. This is noteworthy considering that width and
depth plots show considerable scatter, so one might expect that their product would ex-
hibit more scatter if the variability was due to random noise or error. This suggests that
rivers systematically increase their cross-sectional area A to accommodate increasing dis-
charge — regardless of grain size and transport stage; in other words, A is primarily con-
trolled by hydraulics alone (indeed flow resistance, and hence flow velocity ubf , is approx-
imately independent of channel aspect ratio for values Wbf/Hbf > 10 (Guo and Julien,
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2005) that are typical of natural rivers). How changes in A are partitioned into width vs.
depth, however, may depend on bed/bank substrate and sediment transport conditions.
2.4 Bimodality in the Transport States of Global Datasets
As the name implies, hydraulic geometry scaling does not consider the transport state of
sediment within channels. A simple way to do so is consideration of the bankfull Shields
stress τ∗bf . Earlier global compilations of river data suggested that transport states were bi-
modal, with gravel-bed rivers clustering around a Shields stress close to the critical value
(τ∗bf ∼ 10−2) and sand-bed rivers clustering around a much higher value (τ∗bf ∼ 100)
(Paola, Heller, and Angevine, 1992; Parker et al., 1998; Dade and Friend, 1998). Indeed,
we see compelling evidence for this bimodality across a range of slopes and grain sizes
in our global compilation (Fig. 2.3). There are clear deviations from this trend, however;
the sandy Florida seepage channels (Devauchelle et al., 2011) and sandy laboratory experi-
mental rivers of Reitz et al. (2014) both plot in the range of phase space otherwise occupied
by gravel-bed rivers. What these channels have in common is that they are small, sand-
bedded rivers with bank material that is similar in composition to the bed (i.e., sandy).
The case for a continuum of transport states was made more recently by Li et al. (2015),
who showed that τ∗bf is inversely proportional to dimensionless grain size D∗ and scales
with roughly the square root of S. They presented a similarity collapse for the data with
a best-fit relation τ∗bf/S0.53 = 1220D−1∗ , and a similar result was found by Trampush,
Huzurbazar, and McElroy (2014). Li et al. (2015) concluded that the notion of a constant
formative Shields stress for either gravel- or sand-bedded channels was not supported by
the data. We reproduce the figure of Li et al. (2015) here, where the addition of new data
(discussed in the previous section) generally supports the similarity collapse (Fig. 2.4). The
sandy Florida seepage channels and experimental rivers, however, fall off of this trend.
By assessing transport stage using bankfull Shields stress alone, previous authors ei-
ther explicitly (Parker et al., 1998; Parker et al., 2007; Wilkerson and Parker, 2010) or implic-
itly (Li et al., 2015; Trampush, Huzurbazar, and McElroy, 2014) assumed that the critical
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Shields stress was constant. A recent study by Phillips and Jerolmack (2016), however,
showed that, when site-specific variations in τ∗c are taken into account, gravel-bedded
rivers exhibit a bankfull Shields stress that is close to the threshold value. We consider
transport stage as τ∗bf/τ∗c. To test for the influence of variations in τ∗c, we examine the
distributions of Shields stress and transport stage where for the latter τ∗c is estimated from
either slope or grain size following equations 2.5 and 2.6. The Shields stress distribution is
bimodal (Fig. 2.3). This bimodality becomes slightly more evident in the distributions of
transport stage, though there is little difference between the results using the two differ-
ent estimates for τ∗c (Fig. 2.5 B, C). The bimodality in Shields stress and transport stage is
mirrored by a comparable bimodality in river-bed grain size (Fig. 2.5 D). These findings
revive the possibility of a constant transport-stage condition that is either close to or far
above threshold, but also show that river-bed grain size is insufficient to predict transport
stage as threshold sand-bed rivers may readily be found.
2.5 Bimodality in Transport Stage along a Longitudinal River Pro-
file
The global dataset reveals an apparent dichotomy of transport states that generally (but
not always) correspond to sand- or gravel-bedded rivers, but the nature of this dichotomy
may be partially obscured by confounding variables among disparate river systems that
are not accounted for. A useful complementary approach is to examine the longitudinal
profile of a single river as it transits from gravel- to sand-bedded. We utilize data collected
by Singer (2010) in his study of the gravel-sand transition of the Sacramento River. We can
see that Shields stress is slightly in excess of critical for the gravel-bed portion of the river,
and far above critical for the sandy portion (Figure 2.6). In the gravel-sand transition we
observe a flickering between these two distinct states, that is indicative of patchiness of
bed materials (Singer, 2010). The fluid shear stress gradually declines downstream (Fig.
2.6 A), and width decreases across the gravel-sand transition but only modestly (Singer,
2010). Bed-sediment size changes abruptly, showing that the large variations in transport
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stage are overwhelmingly driven by the grain-size pattern (Figure 2.6 B). In summary,
the Sacramento River shows the same bimodal behavior as the global dataset, in terms of
transport stage and grain size. Other factors such as slope or hydraulic geometry do not
show this bimodality.
2.6 Discussion
It has long been suggested that bank composition influences the hydraulic geometry of
rivers, under the premise that effective bank cohesion (silt/clay or vegetation) increases
the threshold shear stress which leads to narrower and deeper channels. The evidence
from gravel-bed rivers is that the cohesive effect is significant but modest; bank strength
changes of up to two orders of magnitude correspond to differences in width of 2-3 times
(e.g., Andrews, 1984; Millar and Quick, 1993; Millar and Quick, 1998; Huang and Warner,
1995; Huang and Nanson, 1998). Though there are far fewer studies on sand-bed alluvial
rivers, the limited data indicate that the influence of bank cohesion may be larger in these
systems (Kleinhans et al., 2015; Kleinhans et al., 2014). The classic study by Fisk (1944) of
the Mississippi River showed major narrowing and deepening as the river moved from
sandy to clay-rich alluvium, while Schumm (1960) and Schumm (1963) demonstrated that
channel aspect ratio (Wbf/Hbf ) was inversely proportional to the percent silt-clay (a proxy
for cohesion) in the bed and banks of sand-bed rivers. Interestingly, he found no correla-
tion between aspect ratio and percent silt-clay for gravel-bed rivers (Schumm, 1960). More
recent studies on deltaic and tidal channels have also shown that bank strength strongly
influences channel geometry (Kleinhans et al., 2009; Edmonds and Slingerland, 2010).
Lane (1935) and Schumm (1960) argued that channels initially cutting into alluvium
should widen “until the resistance of the banks to scour prevents it” (Schumm, 1960). We
rephrase this idea to posit a more specific hypothesis: Alluvial rivers, on average, organize
their geometry such that the fluid shear stress at the toe of the bank is at the threshold of
motion for the bankfull flow (Fig. 4.1). We consider the bank toe because (1) this is the
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zone of maximum fluid stress on the bank, and (2) bank-toe erosion is required to under-
mine upper bank materials. While slumping and block failures may strongly influence the
rate of bank erosion, with important consequences for river dynamics such as meander-
ing (Parker et al., 2011), these processes likely have little effect on average channel size.
For rivers in which the bed and the bank toe are made of the same material — such as
laboratory experiments, and some natural channels in non-cohesive sediments — we ex-
pect to recover the near-threshold "bed-load river" channel predicted by the Parker (1978b)
model. For the more common case of rivers having a bank-toe composition that is differ-
ent from the bed — typically cohesive and/or vegetated banks — we propose that alluvial
rivers adjust their geometry to the threshold-limiting material. Thus, in order to maintain
a "suspension river" like most natural sand-bed channels, the banks must be composed of
cohesive sediment with a significantly higher entrainment threshold than the bed mate-
rial. Indeed, Church (2006), noted that sand-bed channels often have silt-clay banks that
experience little to no deformation, while channel-bed sands are completely suspended.
Unfortunately, reported measurements of hydraulic channel geometry rarely include
information about bank materials. To test the threshold-limiting idea indirectly, we con-
sider the relative mobility of bed and bank materials as a function of grain size. We do
not consider vegetation explicitly; however, we note that numerous studies have analyzed
the effects of vegetation on erosion thresholds (Micheli and Kirchner, 2002; Abernethy and
Rutherfurd, 2001). It is important to point out that Shields stress is not the relevant param-
eter for cohesive materials, where particle weight does not adequately describe resistance
to motion. Dimensional fluid threshold stress is usually reported in studies involving co-
hesive sediment. Considering non-cohesive materials and neglecting slope effects, the
threshold fluid stress determined from the Shields curve increases monotonically with in-
creasing grain size following the relation presented in equation 2.6.
Cohesion becomes significant for particles that are silt-sized and smaller due to surface
charge effects, which increases the threshold for entrainment compared to predictions from
the Shields curve (Kemper, Rosenau, and Dexter, 1987; Kothyari and Jain, 2008). As a
result, sand is the most easily entrained material: larger particles are harder to move due
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to their mass, while smaller particles are harder to move due to cohesion. Of course, most
stream banks are composed of mixtures of cohesive and non-cohesive sediments. The
threshold entrainment stress for sand increases rapidly with increasing fraction of clay
and silt, with reported increases of up to two orders of magnitude for clay-rich river banks
(Kothyari and Jain, 2008). For gravel particles of order centimeter and larger, however, the
entrainment stress varies little with the addition of clay and silt (Kothyari and Jain, 2008).
Taken together, we naively expect that rivers with bed sediment D50 > 10−2m should
organize to a threshold shear stress that is slightly in excess of the threshold predicted by
the Shields curve. For natural rivers with bed sediment smaller than about a centimeter,
cohesive sediments (if present) will lead to channel banks with entrainment thresholds that
are larger than predicted by the Shields curve. The minimum threshold fluid stress for a
sand-bed river is τb ∼ 0.1N/m2 based on the Shields curve. Without knowledge of bank
materials in the data used here, we use results from a systematic study that examined the
influence of silt-clay content on the erosion threshold of natural sandy river banks. Julian
and Torres (2006) reported a maximum stress of τb ≈ 25N/m2 for banks composed entirely
of silt and clay. For typical banks with silt-clay fractions of a few tens of percent, and/or
moderate vegetation coverage, a typical value for the critical stress is τb ≈ 5N/m2 (Julian
and Torres, 2006; Tal and Paola, 2007; Braudrick et al., 2009).
Turning to the global dataset, we compare the bankfull shear stress τbf to bed-sediment
grain size D50 for all rivers (Fig. 2.7). While there is significant scatter, we notice a general
pattern in the data; sand-bed rivers show no relation between bankfull shear stress and
bed-sediment grain size, while gravel-bed rivers exhibit increasing shear stress with grain
size. Projecting the threshold stress based on the Shield curve onto the data, we see that
gravel-bed rivers generally follow the curve while sandy rivers plot significantly above
it. The range of τbf for sandy rivers overlaps with, and is slightly offset from, the range
of threshold stresses reported for sand-mud mixtures (Fig. 2.7). The "typical value" of
τb = 5N/m
2 runs through the middle of the sandy rivers. The threshold-limiting material
may be assessed by comparing the threshold stress of mud-sand mixtures to the threshold
stress determined from the Shields curve; we see that most rivers with D50 > 1cm are
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limited by gravel mobility, while most rivers withD50 < 1mm are limited by bank mobility
(if cohesive sediment is present).
The above trends provide tentative, albeit equivocal, support for the hypothesis that
all alluvial rivers are near-threshold channels adjusted to the threshold-limiting material.
For the case of gravel-bed rivers, this corresponds to a transport stage close to one for the
bed material at bankfull. For sand-bed rivers with cohesive banks, we expect the transport
stage of bed material to be roughly the ratio of the bank to bed entrainment thresholds,
which could be in the range 100 ≤ τ∗bf/τ∗c < 103. Because sand has the lowest threshold,
and most natural river banks contain some cohesive materials, transport stage for sandy
rivers is typically much greater than 1 leading to suspension channels. Given the paucity
of alluvial river-beds with median grain sizes between 1 mm and 10 mm — the range
where we expect cohesive banks to become important — these factors give rise to a bi-
modal distribution of transport stage. In terms of hydraulic geometry, data indicate that
cross-sectional area is controlled primarily by hydraulic conveyance as it has a very tight
relation with bankfull discharge for all rivers. The partitioning of this area into width and
depth appears to be related to the threshold constraint imposed by bank-toe material.
We close this section with a brief but important aside on the distinction between hy-
draulic geometry and dynamics. The idea that all alluvial rivers are near threshold may
at first seem incompatible with the intrinsic and incessant dynamics we observe: widen-
ing/narrowing, meandering, sorting, and bed/bar form evolution. In this context the
(near-)threshold channel geometry is the statistically-expected behavior in a dynamic, stochas-
tic system — analogous to a mean bed-load flux, or Reynolds averaging in fluid mechanics
— that does not represent system behavior at any particular instant (Furbish et al., 2016).
The experimental findings of Reitz et al. (2014) make this point well: "Although individ-
ual channels in the braided river are constantly changing shape through scour and fill,
these appear to be fluctuations around a robust [near-threshold] geometry that becomes
apparent when many individual channel geometries are averaged together." Some of the
scatter in hydraulic geometry scaling plots may be due to a variety of factors such as: in-
fluences from vegetation, localized/temporary imbalances between the rate of floodplain
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formation and bank failure, and partial submergence of grains in the flow.
2.7 Conclusions
We propose that all alluvial rivers, regardless of their bed material grain size, organize
their hydraulic geometry such that they cluster around the threshold of motion for the
most resistant material — the structural component of the channel that is most difficult to
mobilize. For coarse-grained rivers, the threshold-limiting material is the gravel that com-
prises the bed and bank toe. In contrast, the threshold-limiting material in sand-bedded
rivers is not the bed material, but the cohesive mixture of mud and sand (and vegeta-
tion) that makes up the toe of the river bank. Thus, we posit that it is the difference in
entrainment threshold between the non-cohesive bed and cohesive banks that facilitates
suspended-sediment transport in sandy rivers. We expect that, in very fine-grained mud
channels, the threshold-limiting material is the mud that makes up both the bed and the
bank toe. Consideration of the slope- or grain-size-dependence of the critical Shields stress
shows that alluvial rivers are bi-modal in terms of transport stage and bed-material grain
size, and that these modes correspond generally (but not always) to bed-load gravel rivers
and suspension sand rivers. We acknowledge, however, that other factors unaccounted
for in our simple analysis must also play a role. For example, form drag due to roughness
on multiple scales (grains, bed forms, bars, meanders) can drastically change the effective
bed stress (Kean and Smith, 2006). We suspect that proper accounting of flow resistance
would reveal a stronger signal of near-threshold organization. Of course, determination of
the entrainment threshold at the bank toe is needed to provide direct confirmation of the
hypothesis we propose here. Experiments have qualitatively demonstrated the influence
of cohesion on channel geometry (Kothyari and Jain, 2008; Tal and Paola, 2007; Braudrick
et al., 2009), but a systematic examination of channel shape as a function of increasing
cohesion in sand-mud mixtures is necessary to demonstrate the viability of the threshold-
limiting hypothesis.
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FIGURE 2.1: Schematic cross-section of a sand-bedded, alluvial river with
different bed vs. bank material, under bankfull flood conditions. Here
Wbf , Hbf , and S are bankfull width, bankfull depth and channel gradient
at the cross-section, respectively. Cyan lines at surface illustrate horizontal
stress profile across the channel. Red lines along channel bottom indicate
toe of the river bank — i.e., the intersection of bed and bank material. Red
line intersecting the cyan velocity profile indicates the threshold stress of
the threshold-limiting material, illustrating that the bank toe is at threshold
while Shields stress in the channel center is slightly in excess of threshold.
Chapter 2. Evidence of, and a Proposed Explanation for, Bimodal Transport States in
Alluvial Rivers 27
FIGURE 2.2: Dimensionless hydraulic geometry scaling for rivers in the
global data set. (A) Cross-section area shows a tight relation with discharge
across the entire range of data. (B) Depth and (C) width follow similar first-
order trends for gravel vs. sand bed rivers, but with some offset between
these groups. (D) Slope separates sand and gravel rivers. Blue line shows
exceptions from the threshold equations (2.7) assuming a constant refer-
ence Shields stress for simplicity. We note that the fit does not improve if
grain-size or slope dependent threshold predictions are used instead. Larger
points illustrates the mean of multiple measurements taken along a single
longitudinal profile. Cyan error bars represent the range of data, and are
used because the original study reported only one value for slope and for
grain size for all cross sections (Devauchelle et al., 2011).
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FIGURE 2.3: Bankfull Shields stress as a function of stream gradient. Coarse-
grained rivers exhibit low Shields stresses with a moderate dependence on
slope, that roughly follows but is offset from the slope-dependent relation
of Lamb, Dietrich, and Venditti (2008) for critical Shields stress (solid line).
Fine-grained rivers cluster well in excess of the threshold of motion. River
channels originating in sandy substrates found in the natural (Devauchelle
et al., 2011) or laboratory (Reitz et al., 2014) environments are shown to be
in the Shields stress space typically populated by gravel-bedded rivers.
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FIGURE 2.4: A re-creation of the diagram from Li et al. (2015) that makes the
case for a continuum of sediment transport regimes. Additional data have
been added to the diagram from an additional global dataset (Trampush,
Huzurbazar, and McElroy, 2014), and various longitudinal profiles (Singer,
2010; Gaurav et al., 2015; Devauchelle et al., 2011). Clear deviations from
the trend are demonstrated by river channels formed by seepage erosion in
sand (with mean and error bars same as in Fig. 2.3), and channels formed
in sand in laboratory experiments (Reitz et al., 2014) that are represented by
the larger red and cyan points, respectively.
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FIGURE 2.5: Distributions of (A) Shields stress, (B) Transport stage esti-
mated using grain size (Rijn, 2016), (C) Transport stage estimated using
slope (Lamb, Dietrich, and Venditti, 2008), and (D) median river-bed grain
size. All distributions are bimodal, with near-threshold gravel rivers and
far-above threshold sandy rivers.
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FIGURE 2.6: Longitudinal profile data from the Sacramento River up to ap-
proximately 500km upstream of the river mouth (Singer, 2010). (A) Fluid
shear stress decreases gradually and continuously across the gravel-sand
transition. (B) Grain size behavior downstream is bimodal, changing rapidly
from gravel to sand. (C) Shields stress shows abrupt transition from near-
threshold to far above threshold across the gravel-sand transition.
Chapter 2. Evidence of, and a Proposed Explanation for, Bimodal Transport States in
Alluvial Rivers 32
FIGURE 2.7: Potential adjustment of river-bed shear stress to the threshold-
limiting material for the global data. The rising line from left to right in-
dicates expected critical shear stress determined from grain size based on
the Shields curve fit of Rijn (2016). Gravel-bed rivers generally fall along
this line, but sandy rivers generally plot significantly above it. Flat line
shows a reference critical shear stress for the middle of the range of sand-
mud mixtures. Cyan line indicates the trace of the threshold-limiting stress.
For rivers with bed sediment grain sizes smaller than about a millimeter, we
expect bank material to be threshold limiting; for gravel-bed rivers, the bed
is expected to be threshold limiting.
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Abstract:
The vast majority of alluvial deposits have some degree of cohesion, typically due to the
presence of clays and/or organic matter. Determining the threshold fluid shear stress τc
necessary to entrain these sediments is essential for predicting erosion rates and morpho-
dynamics of rivers, tidal channels, and coasts. Estimating τc for non-cohesive sand and
gravel beds is challenging enough, given the vagaries of near-bed turbulence and granular
structure effects. Cohesive sediments present a much greater challenge, due to the sensi-
tivity of τc to such factors as compaction, aggregation and particle surface chemistry. All
of those factors may be altered if bed and bank sediments are extracted for later analysis in
the laboratory, as is sometimes done. Environments with mixed cohesive and non-cohesive
materials are common, such as sand-bedded rivers with muddy banks; it is therefore de-
sirable to have a method for in-situ measurement of τc across a very wide range. Here we
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present a novel instrument, provisionally called the "Mudbuster", that is capable of repro-
ducibly determining τc for submerged cohesive and non-cohesive sediments in-situ. The
Mudbuster has several advantages over alternative methods, including (i) ease of imple-
mentation in the field and (ii) a fluid shear that is more representative of natural flows.
The device incorporates common and low-cost components: a power drill is used to drive
an impeller that ramps up fluid-shear stress; photo-diodes detect abrupt changes in tur-
bidity associated with sediment entrainment; and these components are integrated with an
Arduino micro-controller, which may receive commands from a mobile phone. We demon-
strate the Mudbuster’s capabilities in gravel, sand and clay-sand mixtures prepared in the
laboratory, and present a proof-of-concept field deployment in a wadable stream. This pa-
per provides the necessary schematics, parts lists, code and calibration procedures for the
interested reader to build their own Mudbuster.
3.1 Introduction
Cohesive sediment covers an overwhelming majority of the Earth’s surface (FAO, 1988;
Kemper and Rosenau, 1984; Young and Southard, 1978; McCave, 1984). We consider co-
hesion to be any kind of inter-particle attraction beyond contact friction; in natural sedi-
ments, cohesion is associated with fine particulates like clays and organic matter, where
surface area to volume ratios become large (Ternat et al., 2008; Kothyari and Jain, 2008;
Julian and Torres, 2006). While muddy landscapes may be entirely composed of cohe-
sive particles (silt and finer), even small amounts of clay may increase the bulk strength
of otherwise non-cohesive sand (Kothyari and Jain, 2008; Julian and Torres, 2006). Water
currents and waves impinging on these materials impose a boundary shear stress τb that
sculpts terrestrial and submarine landforms such as rivers, tidal channels, marsh platforms
and undersea channels. Determination of the threshold shear stress for entrainment, τc, is
necessary for predicting the onset of erosion, and also for determining sediment transport
rates that are typically cast as a function of excess shear stress, qs ∝ (τb − τc) (Meyer-
Peter and Müller, 1948; Wilcock and Crowe, 2003; Parker, 1990; Parker, Klingeman, and
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McLean, 1982; Partheniades, 1965). Moreover, studies in non-cohesive (Phillips and Jerol-
mack, 2016; Parker, 1978c; Parker et al., 2011) and cohesive (Constantine, Dunne, and
Hanson, 2009; Parsons et al., 2016) sediments have demonstrated the strong influence τc
exerts on landscape morphology; for example, the organization of river channel geome-
try such that the formative boundary stress is close to τc (Phillips and Jerolmack, 2016;
Parker, 1978c). For decades, the state of the art for predicting τc for non-cohesive sedi-
ments was the Shields curve, which casts the entrainment threshold as a balance between
near-bed fluid forces and particle friction (Shields, 1936). More recent studies have demon-
strated the modulating effects of fluid turbulence (Celik, Diplas, and Dancey, 2013; Diplas
et al., 2008; Monsalve, Yager, and Schmeeckle, 2017; Papanicolaou, Elhakeem, and Hill-
dale, 2007), grain protrusion (Yager et al., 2012b; Yager et al., 2012a) and bed compaction
(Masteller and Finnegan, 2017; Papanicolaou et al., 2002) on τc. For cohesive sediments
involving fine-grained (silt and smaller) particles, additional forces such as electrostatics
and van der Waals (Ternat et al., 2008) must be considered. The latter are quite sensitive to
water chemistry (e.g., salinity and pH), history of compaction, and material composition
(e.g., clay mineralogy) (Warkentin and Yong, 1962; Laflen and Beasley, 1960; Parsons et al.,
2016; Teasdale et al., 2018), which have been shown to influence river-bank erosion rates
through their effect on τc (Wynn, Henderson, and Vaughan, 2008; Wynn and Mostaghimi,
2006). With this wide range of confounding variables, which may also be time dependent,
theoretical predictions of τc for cohesive materials are of limited use for natural landscapes.
Site-specific correlations between τc and clay/silt content have been developed for some
rivers (Julian and Torres, 2006), but they cannot be generalized to other settings.
In light of these challenges, much attention has been focused on methods to empirically
determine τc for cohesive sediment in the field (Constantine, Dunne, and Hanson, 2009;
Hanson and Cook, 2004; Hanson and Simon, 2001; Aberle, Nikora, and Walters, 2004;
Amos et al., 1992). Our own previous research suggested that variations in τc between the
bed and banks of a river may exert a strong control on the shape of river channels (Dunne
and Jerolmack, 2018), and we emphasized the need for in-situ determination of τc at the
toe of river banks. Accordingly, we seek a method capable of measuring the submerged
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threshold entrainment stress of cohesive and noncohesive materials typically encountered
in rivers, estuaries and marshes; and this method must be spatially localized, to allow
examination of variation along a channel cross section. We briefly survey existing methods
below and find that they are either too unwieldy, or too damaging to the substrate, to be
reliable. We then report a novel instrument that we have developed for the purpose of
measuring in-situ τc that emphasizes portability, affordability, and comparability to natural
methods of sediment entrainment. We provisionally call this device the "Mudbuster". We
show that the Mudbuster can reproducibly determine the threshold entrainment stress
for particles ranging from clay to gravel, and we offer a blueprint for others to construct
and test their own Mudbuster. Our hope is that researchers and practitioners will adopt
and improve on our design, and that this will facilitate the widespread measuring and
reporting of τc in various cohesive sediment environments. Such measurements will aid
in the design and restoration of cohesive sediment landscapes (e.g., river restoration), and
also lead to a better understanding of environmental controls on the entrainment threshold
itself. Our current instrument design limits deployment to shallow water (i.e, wadable)
environments; however, the technique could be easily adapted to be deployed in deeper
water environments by divers or by mounting on submersibles.
3.2 Existing Methodologies
As mentioned above, numerous methods have been developed to test the erodibility of co-
hesive sediments (Fig. 3.1). The commonality between these multiple methods is that they
all have a way of controlling the shear stress applied to a substrate. The most common
method to test the erodibility of cohesive sediments is through the use of a jet tester, which
has been employed on a variety of substrates and environments (Constantine, Dunne, and
Hanson, 2009; Hanson and Cook, 2004; Hanson and Simon, 2001). The jet tester utilizes
an impinging jet, normal to the surface of interest, to scour the substrate. The scour depth
is calculated using a point gage, and τc of the substrate is back-calculated from the depth
of the scour relative to the force of the impinging jet. Despite its prevalence, the primary
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weaknesses of the jet tester method are that it does not provide a "like-to-like" compari-
son to the method of erosion experienced by sediment. The physics of an impinging jet
scouring a hole in a substrate are vastly different from the horizontal shearing condition
experienced by sediment in natural conditions. Furthermore, the jet test is subject to a
wide range of error associated with the method of inducing erosion (Karamigolbaghi et
al., 2017). For all these reasons, it is difficult to extrapolate a meaningful and useful value
from the result produced by the jet tester if the goal is to use that value to understand
the erodibility of sediment in response to a horizontally applied fluid shear opposed to an
impinging jet.
Numerous field studies have implemented flumes in the field, in both fluvial and ma-
rine environments, to induce sediment transport in a comparable manner to how sediment
is transported both in laboratory and natural settings. While these flumes vary in size and
shape, the common principle for their use is to impose a horizontally applied fluid shear
stress using flow through an open-bottom flume placed on top of the substrate of inter-
est. τc for the substrate is determined by monitoring abrupt changes in the turbidity of
the water flowing through the flume, and contrasting those observed changes against the
measured shear stress, calculated from the velocity profile of the flow (Aberle, Nikora,
and Walters, 2004; Amos et al., 1992; Amos et al., 2004). While this method is undeniably
effective, it is both cumbersome and expensive. Maneuverability in field environments
can be a critical asset for an erodibility testing device to allow for the targeting of either
specific morphological features of interest, such as bank toes, or avoiding undesirable en-
vironmental complexities, such as tree roots or overly-large cobbles. As field flumes have
been primarily deployed in topographically simple environments, such as tidal flats and
river beds, maneuverability is not of first-order concern (Aberle, Nikora, and Walters, 2004;
Amos et al., 2004). However, for studies that require the targeting of more morphologically
complex features for erodibility testing, maneuverability is of paramount concern.
The method that perhaps best combines an application of shear stress to a substrate
that is comparable with the shear stress exerted by a gravity-driven flow in a channel,
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with the potential for portability in a field setting is the Gust Chamber (Gust, 1990; Thom-
sen and Gust, 2000). The Gust Chamber utilizes a rotating flat plate to shear a column of
water in a chamber, which in turn exerts a horizontal fluid shear stress on the sediment
at the bottom of the chamber. τc for the substrate is determined by monitoring changes in
the turbidity of the shearing fluid, and contrasting the observed changes against the cal-
culated shear stress at the fluid-substrate boundary. The Gust Chamber has been applied
in both fluvial and marine settings (Work and Schoellhamer, 2018; Thomsen and Gust,
2000; Law et al., 2008; Law et al., 2016), however, despite its portability, it is designed to
be used on extracted sediment cores, and thus risks measuring a critical shear stress that is
not representative of the in-situ erodibility of the substrate. The instrument that we have
developed is mechanically most similar to a Gust Chamber in that it exerts a horizontally
applied fluid shear stress on the substrate using a rotating blade to shear the fluid which,
in turn, shears the substrate. However, what distinguishes our new instrument from the
Gust chamber is that our instrument is specifically meant to measure sediment erodibility
in-situ. We have employed a more simplified design that allows the user to implement the
device with ease in the field.
3.3 Device Design
3.3.1 Device Overview
The device, seen in Figure 3.3, uses an impeller to generate a fluid shear stress within a
chamber with an open bottom that is placed on a substrate. The speed of the impeller
is controlled by an microcontroller (Aruduino Uno) and a motor driver that controls the
speed of a DC motor. The DC motor is attached to a chuck and gear box that allows for easy
attachment of the impeller shaft. For the prototype design, a drill with a brushed DC motor
was used. An optical encoder, attached to the rear shaft, was used to measure the motor
speed. By controlling the speed of the impeller, we are able to directly control the fluid
shear stress exerted on the substrate. To detect the onset of erosion of the substrate, the
turbidity of the eroding fluid is monitored using turbidity sensors. Prior to the initiation
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of the impeller rotation, a baseline turbidity is measured. As the shearing process occurs,
the turbidity is continuously monitored and the onset of erosion is detected by noting a
rapid increase in the turbidity of the shearing fluid, relative to the initial turbidity. The
device is meant to output two values at each sampling increment that can be selected by
the user: the motor RPM, and the turbidity sensor readings. These data can either be
directly output to a laptop via serial communication, or saved to a data storage device
attached to the microcontroller. Laboratory calibration is required to convert the motor
RPM to a fluid shear stress value. This method can be employed on a wide range of river
bed and bank materials, from clay-rich mud through sand and medium-sized gravel (with
slight modifications of the optical monitoring technique on the coarser end). Currently this
device is at the stage where it can only be used in shallow, wadable rivers, however, with
slight modifications it will be fully waterproofed and deployable at depth in a larger river.
3.3.2 Prototype Design and Parts List
They key components of a Mudbuster are: a motor that drives an impeller, an encoder
to record the motor RPMs, an optical sensor to detect the onset of erosion, and a micro-
controller that controls the device. The design of the impeller will dictate the degree of
turbulent shear that will be produced for a given RPM. The relationship between motor
speed and voltage is indirect; as consequence, RPM can controlled in a relative manner
through voltage, but a fixed calibration between the two is not possible. For this reason
we recommended the usage of the microcontroller equipped with a motor driver to con-
trol the voltage supplied to the motor, and a rotary encoder to directly measure the motor
speed. The optical sensors used to detect the onset of erosion of cohesive sediment are tur-
bidity sensors which measure the light transmittance through the fluid, which they report
as a voltage output by the sensor. As the increased presence of the suspended particles in
the fluid increases the amount of light scattered, increases in turbidity will result in lower
voltage outputs by the sensors. This detection method is only applicable to cohesive sed-
iments, for which the threshold of suspension and the threshold of entrainnment are the
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same. For non-cohesive substrates where bed load occurs above the entrainment thresh-
old, turbidity sensors cannot be utilized — or, at least, our current design cannot detect
bed load using turbidity sensors. Here we use a camera to detect the onset of transport
using image decorrelation analysis. This method could also work for cohesive substrates
as well; however, it is more expensive and data storage intensive, and may be challenging
to implement in waters with high ambient turbidity. The entire device is controlled using
a microcontroller that can either be controlled by a laptop, a smartphone via a bluetooth
connection, or using a button to run a series of pre-set commands. The design from the
prototype is run using the Arduino software. Table 3.1 lists the parts necessary to build a
version of this instrument, and the version of the part that was used in the prototype de-
sign. Figure 3.2 outlines the general form of the Mudbuster with its key components. The
prototype design of the Mudbuster is approximately 1.7m long and approximately 8kg to
enable use in a field environment without requiring full waterproofing of the motor and
other electronics. As a result, this prototype design is larger than is ultimately necessary.
Future directions include the development of a smaller, lighter, and fully waterproofed
design.
3.3.3 Calibration of boundary stress
The purpose of the Mudbuster is to determine the boundary stress, τb, associated with the
entrainment threshold of a given substrate, τc. Do do this, a series of empirical calibration
steps must completed in order to convert between the impeller rotation rate and fluid shear
stress. Given that the Mudbuster’s flow configuration is a rotational shear flow imposed by
an impeller, we cannot use the Law of the Wall to solve for τb, as we could in a logarithmic
velocity profile that is typically seen in open channel flows. The near-bed Reynolds stress,
τ
′
ij , is often used as a proxy for the boundary stress in studies of sediment transport (Biron
et al., 2004).
τ
′
ij = −ρu′w′ , (3.1)
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where u
′
and w
′
are the deviatoric velocity components in the horizontal and vertical
directions, respectively, the overbar here and elsewhere denotes averaging over a suffi-
cient time period to achieve stationarity, and ρ is fluid density. Deviatoric velocities are
computed from measurements of instantaneous velocity components u and w as:
u = u¯+ u
′
;w = w¯ + w
′
. (3.2)
A Nortex Vectrono Acoustic Doppler Velocimeter (ADV) was used to determine the
deviatoric velocity components of the flow. The ADV measured times series of instanta-
neous flow velocity at a frequency of 200 Hz. These measurements were averaged over 1
second windows to compute τ
′
ij .
Figure 3.4 shows a calibration curve at an elevation of z = 0.5cm above the bed. The
data presented in Figure3.4 are the result of five different experimental runs, demonstrat-
ing that, for our prototype design, the relationship between Reynolds stress and impeller
RPM is both smooth and reproducible up to approximately 200 RPMs. The trend is best fit
by a 2nd order polynomial, as is expected on dimensional grounds (τ ∼ ρu2) and also from
a Prandtl-mixing length eddy-viscosity model τ
′
ij = ρ(κzdu/dz)
2 where du/dz ∝ RPM
and κ = 0.41 is von Karman’s constant.
Given the constraints of the experimental setup, the closest point to the bed where flow
velocity could be measured using an ADV was z = 0.5cm above the bed. As such, it is
not possible to directly measure the boundary Reynolds stress. Previous studies in open
channel flows, including natural rivers, have found that the Reynolds stress increases with
decreasing distance to the bed. These studies estimate the boundary Reynolds stress,τb,R,
as the Reynolds stress at the bed, i.e. τb,R = τ
′
ij,z=0, by fitting a linear profile to the region
of increasing τ
′
ij and extrapolating the fit to the bed (z = 0) (Biron et al., 2004; Nikora and
Goring, 2000; Song and Chiew, 2001; Chen and Chiew, 2003). We follow that method here.
By taking a vertical profile of Reynolds stress in the chamber for a given impeller RPM
(shown in Figure 3.5), we linearly extrapolate the trend observed in the points closest to
the bed to approximate the boundary Reynolds stress for a given impeller RPM. To account
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for the effects of boundary roughnesses across a range of substrates, we collected vertical
profiles of Reynolds stress above a smooth bed made of plumber’s putty, a slightly rougher
bed made of 500 µm sand glued to a surface, and a rougher bed of 0.75cm gravel glued to
a surface.
As shown in Figure 3.5, the roughness of the boundary influences the vertical profile
of Reynolds stress, and thus the calculation of the boundary Reynolds stress, introducing
an unknown error in estimating the boundary stress based on impeller RPM. As it is in-
feasible to take velocity measurements during field deployment, it is necessary to quantify
the error. We examine the ratio of the extrapolated boundary stress τ
′
b,R to the Reynolds
stress at 0.5 cm above the bed, τ
′
ij,0.5cm (Fig. 3.7). While the relation is different for differ-
ent substrates, they converge to a similar value (or a small range of values) for Reynolds
stresses larger than 0.5 Pa. Given that this instrument is designed for use in the field where
the additional variability of a natural environment can make exact determination of the
boundary roughness difficult to impossible (i.e. roughness changes from small roots, soil
aggregates, heterogeneous grain size mixtures, etc.), we recommend using an averaged
value for data collected in a field environment. For practical purposes, the boundary stress
may be considered to be roughly 1.4 times the Reynolds stress measured at 0.5 cm above
the bed, i.e., τ
′
b,R = ατ
′
ij,0.5cm where α ≈ 1.4.
In order for the τb,R values to be meaningful with regards questions of sediment trans-
port or morphology in natural environments, it is necessary to determine what value our
measured τb,R value would correspond to in an open channel flow. Typically, boundary
stress in rivers is measured either using a depth-slope product (τ = ρgHS, where H is the
flow depth, S is the water surface slope, and g is the acceleration due to gravity), or fitting
a profile of time-averaged streamwise velocity with a log-law (u(z) = u∗ln(z/z0)/κ, where
z0 is the roughness height, and u∗ is the shear velocity related to τb by τb = ρu2∗). Since both
rely on normal flow assumptions, we call this stress τb,n. Previous studies have reported
consistent discrepancies between boundary stresses determined using these methods, and
those determined from the boundary Reynolds stress method used above; i.e., τb,n = βτ
′
b,R.
Although reported values can vary significantly, a representative value of β = 3.9 was
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found to describe most data — field and laboratory settings — reasonably well (Biron et
al., 2004). We note that Biron et al. (2004) conducted experiments in a laboratory flume
with open-channel flow conditions; their measured ratio α = 1.6, was similar to ours, in-
dicating that the Reynolds stress extrapolation in our helical shear cell is similar to what is
observed in normal flow conditions. Accordingly, for comparison of stresses determined
using the Mudbuster to boundary stresses estimated using normal flow approximations,
we recommend the approximation τb,n ≈ 4τ ′b,R for most conditions.
3.3.4 Determination of Initiation of Motion
Two optical methods were used for determining the threshold of motion. The first method
used image analysis to calculate the decorellation of a time series of images of the bed sed-
iment as shear was increased. As mentioned above, turbidity sensors will not work for
noncohesive sediments; we tested the image technique for noncohesive and cohesive sed-
iments for completeness. A camera took images at a rate significantly higher than the rate
at which stress was increased. Our calibration used a Nikon DSLR sampling at 1Hz to take
a series of oblique photographs of the bed as the shear stress was gradually increased over
10-second periods per increment of voltage supplied to the motor. The bed was remade
and water replaced after each experimental run. Figure 3.8 illustrates the experimental
setup.
The python image processing package scikit-image was then used to cross-correlate
each image against an image of the substrate in ambient water. This allowed us to produce
a time series of error that was normalized against a background error calculated from
a time series taken in ambient water, producing a time series of normalized error, Eˆ, that
can be compared between multiple trials. Figure 3.9 shows example data from experiments
that were run for Clay, Mud (50% clay, 50% sand mixture), Sand (D50 = 500µm), Gravel
(D50 = 0.75cm), and Cobbles (D50 = 5cm). Eˆ is shown to initially remain approximately
equal to 1 before a threshold stress is reached, at which point Eˆ rapidly increases (Fig.
3.9). We consider Eˆ = 1.2 to be a point of significant image decorrelation, and thus the
corresponding τ
′
ij,0.5cm = τc, after which the change in Eˆ is most rapid for any additional
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increase in stress. The least consistent data are for the cobbles (diameter = 7 cm), for which
the transport was much more intermittent — likely due to their relatively large size and
hence small number of particles in the field of view.
We remind the reader of the potential challenges of using an image-based technique
in the field. According, we also tested turbidity sensors for detecting the entrainment
threshold of cohesive clay sediment beds comprised of kaolin clay with D50 = 3µm. The
turbidity sensors used in the prototype design are photodiodes that measure changes in
the light scattering in a fluid due to suspended particles and record the turbidity reading
as a voltage Vˆ . As the turbidity of the water increases, the more light is scattered by the
increasing concentration of suspended particles, resulting in a lower voltage reading. For
the prototype design, we used two sensors for redundancy. Upon the exceedance of τc
for a cohesive substrate, turbidity sensors will show a rapid decrease in voltage relative
to an ambient voltage measurement taken prior to shearing — comparable to the previ-
ously discussed calculation of Eˆ. Figure 3.10 provides an example of the use of turbidity
sensors to detect the τc of clay, and demonstrates the rapid falloff in Vˆ after τc has been
exceeded at a τ
′
ij,0.5cm. The determined value for τc is similar to that measured from the
image decorrelation method within a factor of approximately 10%.
As turbidity sensors can only detect changes in the concentration of suspended sedi-
ment, their usage to detect the threshold of motion is primarily useful for cohesive sub-
strates, for which the τc is strong enough to entrain particles into suspension (i.e. bedload
transport does not exist). In a field setting, it is possible that the entrainment of sand or
gravel might result in the simultaneous suspension of fine sediment attached to the coarser
grains, allowing τc to be detected for non-cohesive sediment using turbidity sensors.
Demonstration of Capability
Using the described calibration process, we have used the instrument to explore the change
in τc of a fine-grained substrate as a function of clay percentage by mass. Kaolinite clay
was mixed with 500µm sand in a drum and with 10% water by mass. The mixture was then
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tamped down at the base of a tank and water was added and cycled through at a low flow
rate until the water was clear. This mild "strain-hardening" process removed any surficial
sediment that was not adhered to the bed and is comparable to the natural environment,
as all cohesive sediment in a fluvial environment is continuously subjected to shear from
base flow. Identical to the experimental runs described above, the bed was remade and
water replaced after each experimental run. As shown in Figure 3.11, clay percentage has
a sigmoidal effect on the τc of sand-clay mixtures, as clay has a minimal effect of the bulk
strength of a mixture until the pore space between the larger sand grains is filled with clay.
This result is consistent with studies of the effect of clay content on the incipient motion
of granular materials (Kothyari and Jain, 2008; Ternat et al., 2008). While the trend is con-
sistent with other empirical studies, the exact values are not expected to be representative
of the τc for arbitrary mud mixtures given variations in grain size and composition. Also,
this significant change in τc with the addition of clay is not expected to the replicated for
larger, gravel-sized grains where interstitial clays do significantly influence entrainment
(Kothyari and Jain, 2008).
We further used our instrument to test the τc of non-cohesive substrates to provide a
comparison between τc as measured by our instrument and a predicted τc from the Shields
curve (Rijn, 2016). Using image decorrelation analysis to identify the threshold of motion,
a stress-dependent α value determined from our calibration curve (Fig. 3.7), and a β = 3.9
value, we are able to determine the τc for each substrate, where τc is comparable to the
boundary stress exerted by a normal flow, τb,n. Figure 3.12 shows that for non-cohesive
sediments (D50 ≥ 0.0005m), our instrument predicts a τc value similar to what would be
expected from the Shields curve. This is further indicative that, at the grain scale, the
helical flow created by the impeller in the chamber is similar to the normal flow conditions
in flumes/channels. For D50 < 500µm, the grain size is representative of an average grain
size of the sand and clay in the mixture, weighted by percent mass. While this is not
an accurate representation of D50, it is indicative of a systematic deviation away from
the predicted τc from the Shields curve as interparticle cohesion begins to take effect. As
the Shields curve was developed for non-cohesive sediment, the deviation away from the
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Shields curve as clay particles are introduced into the substrate is expected.
Field Testing
While this device can be controlled using a laptop, for the sake of convenience and porta-
bility during field implementation, we recommend using an SD card to store the collected
data output by the turbidity sensors and the encoder. To operate the instrument in the field,
we recommend using a bluetooth connection to control the device from a smartphone, or
building a button/switch to initiate a shearing protocol that will run to conclusion after
each press.
To test the Mudbuster in the field, we conducted tests on the Mullica River, a river
with banks composed of cohesive mud in the New Jersey coastal plain. The open-bottom
chamber was placed up against the toe of the river bank and a smart phone was used to
control the device (Fig. 3.13A). In the more complicated, heterogeneous field setting, the
falloff in Eˆ is not consistent in form, however using a 2-D histogram, we can determine
a point of significant divergence away from the initial condition of Vˆ ≈ 1 (Fig. 3.13B).
Preliminary data from the field show that the Mullica’s cohesive bank material has a critical
stress of τc ≈ 4Pa. This value is within an expected range of τc values for consolidated
cohesive sediment in natural settings (Constantine, Dunne, and Hanson, 2009; Hanson
and Simon, 2001; Laflen and Beasley, 1960).
3.4 Discussion and Conclusions
We have developed an instrument that is capable of determining τc for granular substrates
in-situ. This instrument consists of an impeller in an open-bottom chamber that is placed
on a granular substrate, fully submerged in water. The speed of the impeller is gradu-
ally increased using a microcontroller, thereby increasing the fluid shear exerted on the
substrate. The onset of erosion of the substrate is detected using optical sensors, either
through image decorrelation analysis, or, as recommended for field use on cohesive sub-
strates, the use of turbidity sensors to detect rapid changes in the amount of suspended
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material in the water. The prototype design utilizes a motor and impeller combination
that is capable of reproducibly inducing a τb,n up to approximately 22.5 Pa. We have car-
ried out and described the necessary laboratory calibration steps to develop a conversion
between a directly measured τ
′
ij using an ADV, to τ
′
b,R, and finally to τ
′
b,n in order to provide
an estimation for boundary stress that is comparable to the more commonly used depth-
slope product or log-law estimations. We have demonstrated two different optically-based
methodologies for detecting τc for a range of substrate. Using image decorrelation analy-
sis in a laboratory setting we demonstrate the Mudbuster’s capability to determine τc for
a range of cohesive and non-cohesive substrates, ranging from pure clay to large gravel.
We compare our measured τc values to predicted τc values from the Shields curve and
find similar values for non-cohesive sediment, and an expected significant deviation away
from the Shields curve as cohesion takes effect at smaller grain sizes. The other detection
method utilizes turbidity sensors and has been validated in the laboratory and tested on
natural, cohesive river banks.
The in-situ measurement of τc for sediment, particularly cohesive sediment, is a crit-
ical component for field-based morphodynamic, geotechnical, environmental restoration,
and landscape management studies. The Mudbuster provides a cheap, portable, and ro-
bust method for estimating river bank and bed sediment erosion criteria, which can sub-
sequently allow the user to determine either the controlling parameters of, or variables
dependent on, τc. At its current state, the Mudbuster is only capable on being deployed in
wadable channels, however future developments include miniaturization and full water-
proofing to allow for submerged deployment in deeper fluvial and marine environments.
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FIGURE 3.1: A) Jet tester being deployed in a field setting (Hanson and
Cook, 2004); B) Gust chamber setup (Work and Schoellhamer, 2018); c) Field-
deployable flume (Aberle, Nikora, and Walters, 2004)
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TABLE 3.1: Components required to build a Mudbuster and the versions
used in the prototype design.
Components Prototype Part
DC Motor Dewalt 20 Volt MAX Lithium Ion Cordless drill motor
(chuck and gear box included)
Battery Battery from Dewalt 20 Volt MAX Lithium Ion Cordless
drill motor
Rotary Encoder Signswise 600p/r Incremental Rotary Encoder Dc5-24v
Wide Voltage Power Supply 6mm Shaft
Microcontroller Arduino Uno
Motor Driver Cytron 10A DC Motor Driver Arduino Shield
SD Card Interface HiLetgo Stackable SD Card and TF Card Shield for Arduino
UNO R3 Arduino Mega 2560 + 16GB SD Card
Turbidity Sensor Gravity Analog Turbidity Sensor
Bluetooth Connector KEDSUM Upgraded HC-06 Serial Slave Module, Wireless
RF Transceiver Module with DuPont Cable
Impeller Vacuum cleaner blade
Chamber Acrylic cylinder (17.78cm diameter)
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FIGURE 3.2: Schematic design for the Mudbuster. A DC motor (M) drives
an impeller positioned in an open-bottom chamber. A rotary encoder (E) is
attached to the motor to measure motor speed. Multiple turbidity sensors
are placed close to the bottom of the chamber to detect to onset of erosion of
the sheared substrate.
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FIGURE 3.3: The prototype design of the Mudbuster as of April 2019.
Chapter 3. A New Method for In-Situ Measurement of Cohesive Sediment Erodibility 52
FIGURE 3.4: Measured Reynolds stress increases with impeller RPM at z =
0.5cm above the bed. Line of best fit is a 2nd order polynomial, τ
′
ij,0.5cm =
3.24× 10−5RPM2 + 0.013RPM − 0.347. Error bars represent ±1 standard
deviation around sampled value at each point.
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FIGURE 3.5: Example vertical profiles of Reynolds stress over a A) clay, B)
sand (D50 = 500µm), and C) gravel (D50 = 0.75cm) boundary. The region
of increasing Reynolds stress on approach to the bed is used to linearly ex-
trapolate to the boundary z = 0. Line color indicates impeller RPM. Setup
described in Fig. 3.6.
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FIGURE 3.6: ADV inserted horizontally into the flow field for calibration
and positions such that the ADV sampling volume location is at the dis-
tance from wall that corresponds to point of maximum stress for the con-
figuration. For the prototype design, this was found to be approximately
7cm from the boundary. For the prototype design, the impeller was posi-
tioned 10cm above the boundary. Data were sampled at 0.5 cm increments
vertically to produce RPM-stress calibration curves (e.g. Fig. 3.4) at each
elevation above the boundary.
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FIGURE 3.7: Calibration curve for conversion from measured Reynolds
stress at z = 0.5 cm to boundary Reynolds stress (z = 0) for different bound-
ary roughness conditions. Further tests were not conducted over rougher
substrates because the size of individual grains would have been compara-
ble to the sampling area of the ADV, and thus not necessarily representative
of flow over the boundary as a whole.
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FIGURE 3.8: Schematic of experimental setup to determination of the thresh-
old of motion from image decorrelation analysis. Camera is focused on
sheared portion of the bed and collects time series of bed images as shear
is systematically increased.
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FIGURE 3.9: Average decorrelation Eˆ for each substrate as a function of in-
creasing τ
′
ij,0.5cm. Compositions are as follows: Clay (D50 = 3µm), Mud
(50% clay, 50% sand mixture), Sand (D50 = 500µm), Gravel (D50 = 0.75cm),
and Cobbles (D50 = 5cm)
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FIGURE 3.10: Example threshold of motion detection using turbidity sensors
for clay. Rapid falloff in Vˆ occurs after a certain τc has been exceeded.
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FIGURE 3.11: Experimentally determined τc for sand-clay mixtures with
varying clay content. Reported values are for τc = τb,n. All mixtures given
similar mixing and compaction treatment prior to shearing. Error bars indi-
cate ±1 standard deviation.
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FIGURE 3.12: τc as a function of grain size as measured by the instrument.
Green line is the dimensional Shields curve, back calculated from (Rijn, 2016)
for comparison. Reported values are for τc = τb,n. For D50 < 500µm, the
reported D50 is representative of an average grain size of the sand and clay
in the mixture, weighted by percent mass.
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FIGURE 3.13: A) Deployment of the Mudbuster in the field to test the erodi-
bility of a cohesive river bank. The instrument developed at the time of this
manuscript’s publication is currently only able to be deployed in wadable
streams, however further developments will include full waterproofing that
will allow the instrument to be deployed at depth. B) 2-D histogram show-
ing Vˆ divergence from initial condition Vˆ = 1 with increasing τb,n. Warmer
colors indicate frequency of Vˆ values measured for a given τb,n across mul-
tiple measurements. Red line indicated approximation of τc. Error bars are
indicative of ±1 standard deviation.
Chapter 4
Mud and the Shape of Rivers: The
Impact of Cohesion on River Channel
Geometry
Chapter in preparation for submission for publication as:
K. B. J. Dunne, and D. J. Jerolmack (2019) Mud and the Shape of Rivers. Nature
Abstract:
One of the most fundamental questions in riverine science is: "What controls the width
and depth of rivers?". Channel geometry both determines and is set by the conveyance
of water and sediment (Phillips and Jerolmack, 2016; Parker, 1978c; Ikeda, Parker, and
Kimura, 1988), and this interplay gives rise to higher-order complexities such as planform
patterns and dynamics (Parker, 1976; Parker, Sawai, and Ikeda, 1982; Parker, Diplas, and
Akiyama, 1983; Ikeda, Parker, and Sawai, 1981; Seminara, 2006; Zolezzi and Seminara,
2001; Lanzoni and Seminara, 2006). Although a vast proportion of human settlements are
organized around lowland rivers with fine-grained (< 1 cm) beds, there is no well-accepted
theory that explains the hydraulic geometry of these channels (Dunne and Jerolmack, 2018;
Wilkerson and Parker, 2010). Here we demonstrate that first-order trends in the width and
depth of fine-grained channels are set by the fluid entrainment threshold of muddy banks.
Scatter around these trends is greatly diminished when threshold is directly determined in-
situ using an improved method. By reducing channel width and increasing depth, muddy
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banks encourage fine-grained rivers to adopt a single-threaded, rather than braided, mor-
phology. These findings may aid the management and restoration of rivers, and the in-
terpretation of stratigraphy on Earth and other planetary bodies (Kite, 2019; Lapotre and
Lamb, 2018; Palucis and Lamb, 2017).
Threshold Hydraulic Geometry: Observations and Theory
We first examine a global data set of river hydraulic geometry that that includes bank-
full data on width, depth, discharge, slope and bed grain size (Trampush, Huzurbazar,
and McElroy, 2014; Li et al., 2015; Phillips and Jerolmack, 2016; Dunne and Jerolmack,
2018). We posit that the cross-sectional geometry of fine-grained rivers is set by the thresh-
old stress of cohesive bank-toe material, the structural anchor of the river bank (Fig. 4.1)
(Dunne and Jerolmack, 2018). Unfortunately, estimates of τc for bank material are rarely, if
ever, provided due to the difficulty of predicting and measuring the entrainment thresh-
old of cohesive material (Chapter 3). A crude, but representative, estimate is the range of
τc for cohesive sediment mixtures determined in the laboratory (Chapter 3). We find that
values of bankfull stress, τbf , for sand-bedded rivers overlap with this range, providing
support for the threshold hypothesis (Fig. 4.2A). This suggests that, if the bank thresh-
old stress is properly accounted for, sand-bedded rivers behave similarly to the better un-
derstood gravel-bedded rivers. To further test for similarity of sand- and gravel-bedded
rivers, we follow the work done by Phillips and Jerolmack (2016) on the latter and examine
the probability distributions of shear velocity, U∗ =
√
τb/ρ, on a data set of sand-bedded
rivers (n=56) (Trampush, Huzurbazar, and McElroy, 2014), where ρ is the fluid density.
Magnitude-frequency distributions show a high degree of variability (Fig. 4.2B). When
data for each river are normalized by their respective bankfull shear velocity, U∗bf , how-
ever, the data collapse onto a common exponential curve (Fig. 4.2C) that follows the trend
seen in gravel-bedded rivers. At the very least, this indicates that the bankfull shear ve-
locity (or fluid stress) is indeed the formative shear velocity (fluid stress) for sand-bedded
rivers, as was shown previously for gravel-bedded systems. For gravel-bedded rivers,
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where τbf = 1.2τc, it was shown that this is a consequence of the threshold of motion; fluid
stress cannot exceed critical too often without adjusting channel geometry, thus bringing
the stress back to critical. Our hypothesis is that the same reasoning applies to the muddy
banks of sand-bedded rivers.
Here we summarize a simple model for the equilibrium hydraulic geometry of thresh-
old channels, originally developed for gravel-bedded rivers (Parker, 1978c), and test its
ability to explain the observations of sand-bed rivers. Assuming normal flow, bankfull
fluid stress is related to bankfull depth by the depth-slope product,
τbf = ρgHbfS (4.1)
where g is acceleration due to gravity. Bankfull discharge is related through water
continuity to the bankfull flow velocity ubf , and the channel’s hydraulic geometry:
Qbf = ubfHbfWbf . (4.2)
Flow velocity can also be related to fluid stress via a Darcy-Weisbach-type friction equa-
tion:
ubf = Cf
√
τbf/ρ (4.3)
where Cf is an empirical friction factor related to channel roughness. Finally, the
threshold condition τbf = 1.2τc provides the additional relation needed to close the set
of equations. Channel width and depth can then be cast as functions of the typically im-
posed variables:
Wbf =
QbfS
Cfg1/2
(
1.2τc
ρg
)3/2 , (4.4)
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and
Hbf =
1.2τc
ρgS
. (4.5)
To implement this model, we assign values for τc and Cf based on grain size. For
gravel-bedded rivers, τc is determined from the Shields curve for non-cohesive sediments
(Rijn, 2016), and Cf = 7.59 is assigned based on the average from gravel-bedded rivers
calculated from global data sets (Trampush, Huzurbazar, and McElroy, 2014; Li et al., 2015;
Phillips and Jerolmack, 2016; Dunne and Jerolmack, 2018). For sand-bedded rivers we
assume a constant τc = 8Pa determined from our experimental shearing of sand-clay mix-
tures (Chapter 3), and an average value of Cf = 9.98 computed for sand-bedded rivers
from global data sets. While the experimental estimate of τc is not expected to be directly
applicable to any given cohesive substrate, it represents a first-order estimate of τc for co-
hesive river banks (Chapter 3). Comparing modelled to measured bankfull channel width
(Fig. 4.2D) reveals that gravel- and sand-bedded rivers cluster around a 1:1 line. This indi-
cates that sand-bedded rivers, like gravel-bedded rivers, are organized around a threshold
entrainment stress. The first-order trend in hydraulic geometry for sand-bed rivers may
be predicted by assuming a fixed threshold stress, that represents an average value for
sand-clay mixtures.
Testing threshold in the field
While some of the scatter around predicted channel width is likely the result of incorrect
estimation of Cf (Eaton and Church, 2007), or higher order forcings such as sediment sup-
ply (Pfeiffer, Finnegan, and Willenbring, 2017) or vegetation (Millar and Quick, 1998), we
suspect that most of the variance results from real variations in τc from river to river. To
test this hypothesis, we conducted a detailed field examination of a sand-bedded river
with muddy banks in which we directly determine τc for the bank-toe material. The Mul-
lica River is located in the Pine Barrens in the New Jersey coastal plain (Fig. 4.3A). In
most areas, the Mullica’s banks are populated by thick vegetation with rooting depths that
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are comparable to the depth of the channel. We specifically selected reaches of river that
were not dominated by thick vegetation, in order to isolate sediment cohesion effects that
could be measured directly (example: Fig. 4.3B). Throughout these reaches, the Mullica is
a single-threaded channel with a non-cohesive sand bed (D50 ≈ 400µm), and banks com-
prised of cohesive mud (Fig. 4.3C). In order to determine τc for the bank-toe material, we
utilized our newly developed Mudbuster (Chapter 3). This instrument is capable of de-
termining τc for cohesive sediment in-situ by exerting a fluid shear stress on the substrate
through an impeller-driven helical shear flow, and monitoring the turbidity for spikes as-
sociated with entrainment. While this device has been laboratory tested, this study is the
first time that it has been deployed in a field setting.
We find that all 18 cross sections cluster around a value τbf/τc = 1.2, with no cross sec-
tion showing a bankfull shear stress larger than 1.5 times critical. In contrast, the threshold
entrainment stress for non-cohesive sand is over ten times smaller than the average value
of τc = 4.5Pa for bank-toe material. In other words, this sand-bedded river is organized
such that the bankfull stress is close to threshold for bank-toe material. Moreover, the ob-
served excess stress value is precisely what is predicted and measured for non-cohesive,
gravel-bed rivers (Parker, 1978c; Phillips and Jerolmack, 2016). We note that the bankfull
stress is well above threshold for the sand bed, as is the case for most sand-bed rivers in
the global data set. These results confirm that, when the local entrainment threshold of
cohesive banks is properly taken into account, sand-bedded rivers are threshold channels.
Planform Morphology
The most prevalent planform channel pattern is a single-threaded morphology, as dis-
played by meandering rivers; nevertheless, braided (multi-threaded) rivers do exist (Fig.
4.4A, B). It has been empirically demonstrated that single-threaded and braided rivers gen-
erally differentiate from each other in slope-discharge space (Leopold and Wolman, 1957),
and also that channels transition from single-thread to braided when channel aspect ratio
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reaches Wbf/Hbf > 50 (Eaton, Millar, and Davidson, 2010; Gaurav et al., 2017). Addi-
tionally, others have suggested that high sediment supply may force channels to transition
from a single-threaded to a braided state (Eaton, Millar, and Davidson, 2010). Parker (1976)
formulated a hydrodynamic stability analysis for the single-threaded to braided transition,
deducing a critical criterion that depends upon water discharge, slope, width, and depth.
As τc for the threshold-limiting material controls a channel’s width and depth, it indirectly
controls the channel’s planform morphology. Using our model for Wbf (Eq. 4.4), we recast
Parker’s stability criterion, , in terms of Qbf , S, and τc:
 =
QbfS
5/2g2ρ5/2
piC2f (1.2τc)
5/2
, (4.6)
where  > 1 is indicative of braiding, and  < 1 is indicative of a single-threaded
morphology.
We apply this formulation to calculate the transition from single-threaded to braided
channels,  = 1, and compare this prediction to global data sets in the phase space of
Qbf , S and τc (Fig. 4.4C). For simplicity we assign a single constant value Cf = 8.79 for
all sand- and gravel-bed rivers, determined from the global data set. The overwhelming
majority of rivers in the data set are USGS gauging stations, and are chosen such that
planform morphology is single-threaded. As such, the overwhelming majority of rivers
are expected to plot below the  = 1 plane. Using the Shields curve to calculate τc, we see
that the majority of gravel-bedded rivers plot below below the plane; i.e., they sit in the
single-thread region where expect them to. If we do the same exercise for sand-bedded
rivers — that is, compute τc from non-cohesive bed material using the Shields curve — the
overwhelming majority of them plot as braided channels, despite the strong prevalence
of single-threaded morphologies in the global data sets. If a representative τc = 8Pa for
cohesive banks is used instead, the cluster of sand-bedded rivers shifts into the single-
threaded region, in compliance with their observed typical morphology. As an example,
when τc for sand is incorrectly used to calculate  for the Mullica River, it plots as a braided
channel due to an over-prediction of Wbf by a factor of 75. When the measured τc for the
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cohesive banks is used, the Mullica plots correctly as a single-threaded channel. Previous
studies of sinuous, sand-bedded channels with cohesive banks further supports this idea
(Schumm, 1963) (Supplemental Fig. 1). We suggest that transitioning from a gravel to
sand-bedded channel may lead to a shift from bed to bank control, and potentially a change
in τc for the threshold-limiting material, leading to a subsequent shift in the the channel
planform morphology. Patterns on the lower Fraser river are consistent with such a shift
in channel pattern across a gravel-sand transition. (Supplemental Fig. 2)
Numerous studies have empirically investigated the transition from braiding to single-
threaded morphologies. Experimental work has demonstrated that the addition of vege-
tation (Tal and Paola, 2007) and/or fine sediment (Braudrick et al., 2009; Kleinhans et al.,
2010) can induce a change in the planform pattern from braided to single-threaded by re-
ducing channel width and increasing depth. In these experiments, it was suggested that
increased bank strength was the primary cause of this morphological change. Here, our
results provide a framework for predicting such a transition; changing τc results in a pre-
dictable change in hydraulic geometry, and by extension . Additionally, global analysis of
ancient river deposits suggest that rivers shifted from a predominantly braided to single-
threaded morphology in the early Silurian period (436 million years ago), when land plants
began to colonize Earth’s terrestrial environments. These land plants have been suggested
to increase bank strength both directly with their roots, and also indirectly through en-
hanced rock weathering and the subsequent production of cohesive soils (Davies and Gib-
ling, 2010). Both of these factors would ultimately have the same effect of increasing τc,
presumably by an order of magnitude or more, based on differences in τc between sand
and mud. Our analysis indicates that such an increase in τc would result in a shift from
a braided to single-threaded channel morphology. Finally, researchers have found single-
threaded rivers on Mars and in places on Earth where vegetation is negligible (Matsubara
et al., 2015; Ielpi and Lapôtre, 2018). These findings demonstrate that vegetation is not nec-
essary to induce a single-threaded planform morphology; rather, any factor that increases
τc for the threshold-limiting material may sufficiently narrow and deepen a fine-grained
channel to produce  < 1.
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Our work sheds light on the controlling mechanism that governs the first-order hy-
draulic geometry and planform morphology of alluvial rivers. We have extended the
mechanics-based theory for river channel geometry, first established for gravel-bedded
rivers, to include sand and mud-bedded river channels, thus establishing a unifying the-
ory for the hydraulic geometry of all alluvial rivers, regardless of grain size. We have
demonstrated that, for a given bankfull water discharge and channel slope, the width and
depth of an alluvial river channel is set by the erodibility of its threshold-limiting material;
the structural component of its channel that is the most difficult to erode. We have utilised
this to cast the controls on braiding versus single-threaded planform channel morpholo-
gies in terms of a channel’s discharge, slope, and threshold-limiting material erodibility,
and have demonstrated that it is the presence of cohesive mud in river banks that allows
for single-threaded planform morphologies for the overwhelming majority of fine-grained
river systems. Thus, first-order trends in hydraulic geometry and planform morphology
can be predicted when the threshold of motion is properly accounted for. The frame-
work that we presented will also refine the climatic and geological information that may
be extracted from the deposits of fine-grained rivers in ancient Earth and extraterrestrial
environments.
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FIGURE 4.1: Schematic cross-section of a sand-bedded, alluvial river with
different bed vs. bank material, under bankfull flood conditions from Dunne
and Jerolmack, 2018 (Dunne and Jerolmack, 2018). Cyan lines at surface il-
lustrate horizontal stress profile across the channel. Red lines along channel
bottom indicate toe of the river bank. Red line intersecting the cyan velocity
profile indicates the threshold stress of the threshold-limiting material, il-
lustrating that the bank toe is at threshold for the bank material, while shear
stress in the channel center is slightly in excess of threshold.
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FIGURE 4.2: A) The rising line from left to right indicates expected τc deter-
mined from bedD50 based on the Shields curve (Rijn, 2016). Global compila-
tions (Trampush, Huzurbazar, and McElroy, 2014; Li et al., 2015; Phillips and
Jerolmack, 2016; Dunne and Jerolmack, 2018) of gravel-bedded rivers gener-
ally fall along this line, but sand-bedded and mud-bedded rivers generally
plot significantly above it. Sand-bedded rivers overlap with experimentally-
determined range of τc for sand-clay mixtures. B) U∗ magnitude-frequency
distribution for a range of fine-grained rivers (n = 56) show high variability.
C) Magnitude-frequency distribution for U∗ normalized U∗bf shows collapse
along single curve, indicative of a common relationship between a river’s
flow regime and its morphology. Sand-bedded rivers overlap with gravel-
bedded rivers that indicate an identical mechanism of self-organization. D)
Modelled Wbf vs. measured Wbf values taken from global data sets of chan-
nel characteristics (Trampush, Huzurbazar, and McElroy, 2014; Li et al., 2015;
Phillips and Jerolmack, 2016; Dunne and Jerolmack, 2018).
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FIGURE 4.3: A) Location of the Mullica river watershed in Wharton State
Forest in the New Jersey Coastal Plain (Image source: Pinelands Alliance).
B) A surveyed reach of the Mullica river. Red lines are indicative of surveyed
cross sections. C) Bank material (cohesive mud) vs. bed material (sand). D)
Turbidity readings are as voltage drop normalized by the voltage drop reg-
istered by sensors prior to shearing, Vˆ (Chapter 3). A 2D histogram of falloff
in Vˆ with increasing shear stress shows significant divergence away from
the condition Vˆ = 1, indicative of the onset of erosion and exceedence of τc.
Warmer colors indicate frequency of Vˆ values measured for a given τ across
multiple measurements. Red line indicated approximation of τc for the pre-
sented data. Inset: Implementation of the "Mudbuster" to measure τc of bank
toes. Device is controlled using a smart phone via a Bluetooth connection.
E) Collapse of τbf/τc around theoretical threshold value of τbf/τc ≈ 1.2..
Measurements along reach of river were taken in approximate spacings of
channel width. Error bars are indicative of ±1 standard deviation.
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FIGURE 4.4: A) Waimakariri River, braided planform morphology (Image
source: Google Earth). B) Rio Purus, single-threaded planform morphology
(Image Source: Google Earth). C) Global data sets of predominantly single-
threaded rivers (Trampush, Huzurbazar, and McElroy, 2014; Li et al., 2015;
Phillips and Jerolmack, 2016; Dunne and Jerolmack, 2018) show that an ex-
pected lack of single-threaded, fine grained rivers without consideration of
τc for cohesive sediment. When τc for mud is considered, single-threaded
fine-grained rivers plot in expected region.
Chapter 5
Summary, Limitations, Implications,
and Conclusion
5.1 Summary
This thesis has been devoted to developing an answer to one simple, yet fundamental,
question: "What controls the width and depth of rivers?" For this dissertation, I have
chosen to focus on alluvial rivers, which present a good opportunity to understand the
physical interactions between fluid flow and the material properties of substrate through
which a channel is incised. Alluvial rivers make up the overwhelming majority of rivers
on Earth’s surface; thus developing an understanding of the first-order controls on their
hydraulic geometry presents a significant step forward in our collective understanding of
riverine systems, with implications for both theory-based research into higher-order mor-
phodynamic processes, as well as more applied environmental management work, such
as understanding how a riverine system might respond to external natural and/or anthro-
pogenic forcings.
Previous theoretical and empirical research on alluvial rivers has illuminated the first-
order controlling mechanisms for the cross-sectional geometry of coarse-grained alluvial
rivers, and thus, in this thesis, I have attempted to illuminate the first-order controls on the
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hydraulic geometry of fine-grained (sand-bedded and mud-bedded) alluvial river chan-
nels. As global hydraulic scaling relationships and stable channel geometry are, respec-
tively, indicative of a common mechanism and balanced forces, I started out asking how
the the established, mechanistic theory from coarse-grained rivers might be extended to
encompass fine-grained river channels as well. As the theory from coarse-grained rivers
is a demonstration that the composition of a river channel is a first order controller of
its morphology, I asked what compositional aspect of fine-grained river channels had yet
to be properly mechanistically addressed by previous studies of hydraulic geometry for
fine-grained rivers. To do this, I re-examined global compilations of hydraulic geometry
data in conjunction with longitudinal profiles of individual channels (Chapter 2). Results
from this analysis indicate that the mechanism of self-organization of channel geometry
in fine-grained rivers is comparable to coarse-grained rivers in that it is a function of sub-
strate erodibility, the difference being that the erodibility of cohesive bank material must
be taken into account to understand the geometry of fine-grained river systems, while
the geometry of coarse-grained rivers can be understood without considering bank com-
position. From these results, Chapter 2 concludes by presenting the guiding hypothesis
for this thesis: that the cross-sectional geometry of all alluvial river channels is, to a first-
order, set by a force balance between the bankfull fluid shear stress and the erodibility of
the threshold-limiting material.
In order test the unifying hypothesis presented in Chapter 2, I needed to be able to ac-
curately measure the erodibility of cohesive sediment in a field setting. Numerous meth-
ods currently exist to measure cohesive sediment erodibility, quantified as a critical shear
stress, in-situ, however they are either too cumbersome to target the bank toe of a river
channel, or use an inappropriate application of stress that a) results in a wide range of
errors, and b) does not necessarily provide a result that is comparable to calculations of
fluid shear stress. To address this technological gap, I designed a new method for in-situ
measurement of cohesive sediment erodibility (Chapter 3). The instrument utilizes an im-
peller in an open-bottom chamber to apply a horizontal fluid shear stress to a saturated
cohesive substrate. The instrument is designed to be easy to manipulate and implement
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in a field environment, specifically able to target the cohesive sediment that make up river
bank toes. I performed a series of laboratory experiments to develop a calibration proce-
dure that allows the critical shear stress measured by the instrument to be compared to the
commonly used estimation for fluid shear stress based on channel morphology, the depth-
slope product. To demonstrate the validity of this calibration, I ran a series of experiments
using the instrument to determine the critical shear stress of non-cohesive sediment, which
I subsequently compared to the Shields curve, the established estimate for the critical shear
stress for non-cohesive sediment (Shields, 1936; Rijn, 2016). Additionally, to demonstrate
the capabilities of this instrument, I ran a series of experiments to determine the critical
shear stress of a cohesive substrate as a function of its clay content.
Utilizing the instrument developed in Chapter 3, I was able to test the hypothesis put
forward in Chapter 2. To do this, I conducted a field investigation on a river in the New Jer-
sey coastal plain. The Mullica river is a sand-bedded river with cohesive banks that flows
through Wharton State Forest that provided an easily accessible field site in which to test
the threshold-limiting material hypothesis. Field surveys of hydraulic geometry were con-
ducted, and the subsequently calculated bankfull fluid shear stress was contrasted against
measurements of bank toe critical shear stress taken using the newly developed in-situ
sediment erodibility tester. Results demonstrate that the bankfull fluid shear stresses, cal-
culated from the hydraulic geometry, are slightly in excess of the critical shear stress for
the cohesive bank toe material, identical to the relationship between hydraulic geometry
and substrate erodibility found in coarse-grained rivers. As the Mullica is not distinct
from other sand-bedded rivers in terms of its geometry, this indicates that, from hydraulic
geometry perspective, fine-grained rivers are mechanistically identical to coarse-grained
rivers and can be described as threshold channels.
To test the robustness the findings from the Mullica, I revisited the global data sets uti-
lized in the Chapter 2 to develop a model for channel width as a function of a channel’s
bankfull discharge, slope, and threshold-limiting material erodibility. I used the values for
the critical shear stress of cohesive sediment, collected as part of Chapter 3, as a proxy for
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the critical shear stress of cohesive bank toe material for all fine-grained rivers (parame-
terized as any river with an average bed grain size less than 1cm), and the Shields curve
to calculate the critical shear stress of coarse-grained rivers (average bed grain size greater
than 1cm). Modelled results produce a scaling relationship of modelled bankfull width
with bankfull discharge that is similar to the the scaling relationships observed in com-
pilations from global data sets. A data collapse of the measured bankfull width against
modelled bankfull width demonstrates that the hydraulic geometry of all alluvial rivers,
regardless of grain size, can be predicted by threshold channel theory if the erodibility of
the threshold-limiting material is properly accounted for. I further expand this predictive
power from threshold channel theory to demonstrate that the erodibility of the threshold-
limiting material also sets the first-order planform morphology of alluvial rivers. I cast the
theoretical transition from single-threaded to braided channels as a function of discharge,
slope, and erodibility, and populate that phase space with global data sets and case studies
from individual rivers to demonstrate that it is only by accounting for the effects of cohe-
sion on alluvial river channel hydraulic geometry that the observed first-order planform
geometries of alluvial rivers can be mechanistically understood.
5.2 Limitations, Future Prospects, and Implications
This section highlights some of the limitations, broader implications, and future directions
afforded by the findings in the preceding chapters.
5.2.1 Limitations
As described in the preceding chapters,the mechanism for erosion in river channels, fluid
shear stress, is typically calculated using a depth-slope product. For the analysis and mod-
elling done in this dissertation, I have treated slope as an imposed boundary condition,
rather than a variable. This is an acceptable parameterization because channel slope ad-
justs at much longer timescales than channel width and depth. However, of course, as-
suming that slope is a fixed parameter is not an accurate physical representation of the
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processes at play. Slope has been shown to have a scaling relationship with discharge
(Leopold and Maddock, 1953; Métivier et al., 2016; Gaurav et al., 2015; Dunne and Jerol-
mack, 2018) that, while weaker than the scaling relationships seen between cross-sectional
geometry and discharge, is not negligible. The question of what sets the slope of a river
channel remains an open one. It is my opinion that developing an understanding of the
controls on channel slope will require an understanding of the dynamics of channel initia-
tion and stress partitioning between the bed and bank regions. Furthermore, for rivers in
which the threshold-limiting material is the bank material, rather than the bed material, I
believe that a better understanding of the mechanistic effects of sediment supply to a river
channel will be critical for determining the controls on channel slope.
None of the analysis done in this thesis considers a river channel in the context of its
particular watershed. Because the goal of this thesis was to develop a unifying framework
for the first-order controls on river hydraulic geometry, I wanted to focus solely on the
most fundamental of variables necessary for the existence of a river channel, water dis-
charge and substrate erodibility. Perhaps the greatest casualty of this goal was the neglect
of the effects of the sediment supply to a river channel from its watershed. Various stud-
ies have indicated that sediment supply has some effect on the cross-sectional geometry
and morphodynamic behavior of alluvial rivers (Pfeiffer, Finnegan, and Willenbring, 2017;
Constantine et al., 2014), however a precise mechanical explanation of how this occurs
remains elusive. Furthermore, I did not incorporate floodplain composition into my anal-
ysis of the river that incises through the flood plain. Rivers build their floodplains through
overbank sediment deposition during floods, and as such the transport state of sediment
in the channel during flood will determine floodplain composition. As the transport state
is a function of the geometrically-induced fluid shear stress relative to the quantity and
quality of the supplied sediment, both the floodplain and the channel will presumably co-
evolve over geological time. In essence, there is an unaddressed, intertwined relationship
between the material properties of the floodplain that set the river channel geometry, and
the ability of the river to construct its floodplain out of the sediment that it is supplied.
Another key assumption that I have made, primarily in Chapter 4, is that of a consistent
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friction factor for all gravel-bedded rivers, and another consistent friction factor for all
sand-bedded rivers. This is essentially an assumption that the same amount of momentum
is lost from the flow due to roughnesses at all scales, e.g. bedforms, tree roots, rapids,
meandering, etc. This is an objectively untrue statement that, while acceptable to assume
when modelling first-order trends across large ranges of scale due to the smaller variance
in the friction factor (factor of 2-3) relative to discharge or erodibility (multiple orders of
magnitude), is an area of my modelling that does require further investigation. Improving
the consideration of both watershed and channel-specific characteristics is necessary to
more accurately model river hydraulic and planform geometries, and enable contrasting
between different individual systems.
5.2.2 Future Prospects: Planform Morphology and Morphodynamic Processes
The prediction of hydraulic geometry for alluvial rivers is an critical finding because it can
be used to describe other ubiquitous trends in alluvial river planform morphology (e.g.
braiding, meandering, avulsion) that currently rely on assumptions of hydraulic geome-
try. In Chapter 4, I utilize threshold channel geometry theory to delineate the first-order
controls on planform morphology (i.e. is the river braided or single-threaded), however I
am not able to delineate the controls on higher-order complexities of planform morphol-
ogy such as the extent of braiding or wavelength of meandering. Previously, modelling
of alluvial river planform morphology is dependent upon a fixed channel aspect ratio to
allow for mathematical closure of a series of fluid mechanical equations that, in combina-
tion with some sediment transport assumptions, allow for the identification of a baseline
meander wavelength and curvature for single-threaded, meandering channels (Coulthard
and Van De Wiel, 2012; Zolezzi and Seminara, 2001; Seminara, 2006; Seminara et al., 2001),
or a number of braids for braided channels (Parker, 1976; Eaton, Millar, and Davidson,
2010). While this approach does identify first-order tendencies borne out of instabilities in
coupled fluid-sediment transport fields, the assumption of a certain channel aspect ratio
prevents this powerful modelling methodology from being properly cast in terms of the
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substrate through which the channel incises, and thus neglects the geological context of
the river and its floodplain.
Another morphodynamic process that is a function of a channel’s hydraulic geometry
is the occurrence of avulsions in which the previous channel is abandoned and a new
channel is formed, and the formation of anastomosed, rather than single-threaded channel
systems. Previous work has demonstrated that the timescale of avulsions is a function of
their hydraulic geometry, sediment transport regime, and bank erodibility (Mohrig et al.,
2000), and that by considering these factors, the propensity of a river channel towards an
single-threaded or anastomosed state can be determined (Jerolmack and Mohrig, 2007). I
believe that it would be interesting to utilize threshold channel theory as applied to fine-
grained river systems to determine the fundamental controls on avulsion dynamics and
single-threaded vs. anastomosed planform morphology. It is my hope to be able to address
these knowledge gap at some point in the future by expanding the findings of this thesis
to inform the controls on planform morphology and morphodynamics.
Overall, I believe that the findings presented in this thesis have implications for a range
of theoretical and applied work, as I have described in a few examples, that I hope to tackle
over the course of my career.
5.2.3 Implications
Understanding the controls upon the equilibrium state of landforms is critical for under-
standing how they will behave in response to perturbation. We are in a time of rapid en-
vironmental and land-use change, and thus, there is an explicit need for the development
of a mechanistic understanding of landscape-shaping processes to predict how landscapes
will respond to both natural and anthropogenic forcings. Alluvial rivers, particularly fine-
grained alluvial rivers, are the most common type of rivers, along which the majority of
human civilization and infrastructure has been developed, and understanding the controls
upon the equilibrium state of landforms is critical for understanding how they will behave
in response to perturbation. Determination of the relationship between substrate erodibil-
ity and channel hydraulic geometry is a critical step in the overall understanding of river
Chapter 5. Summary, Limitations, Implications, and Conclusion 81
morphology and dynamics, and will facilitate more accurate, representative modelling of
riverine systems. Furthermore, understanding of the forces involved in creating river mor-
phologies can be used to identify substrate erodibilities and hydrological regimes on other
planetary bodies and in Earth’s stratigraphic record, and provide case studies for morpho-
logical response to environmental change. It has been my goal that the research produced
by this dissertation has helped to illuminate the first-order controls on river morphology
with application to understanding higher-order morphology and morphodynamics, that
can subsequently enable both further development of theory and applied environmental
problem solving.
Appendix A
New Method for In-Situ
Measurement of Cohesive Sediment
Erodibility - Supplementary Material
TABLE A.1: Arduino pin assignments used for Mudbuster prototype design
Component Lines Pin#
Bluetooth
Connection
RX
Bluetooth
Connection
TX
Motor Driver Pulse Width Modulation (PWM) 6
Motor Driver Direction (DIR) 7
Rotary Encoder A Phase 2
Rotary Encoder B Phase 3
SD Card Interface Master Out Slave In (MOSI) 11
SD Card Interface Master In Slave Out (MISO) 12
SD Card Interface CLK 13
SD Card Interface CS 4
Turbidity Sensor 1 Analog Input A0
Turbidity Sensor 2 Analog Input A1
All components were wired in series using a breadboard and powered from the Arduino.
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Appendix B
Mud and the Shape of Rivers: The
Impact of Cohesion on River Channel
Geometry - Supplementary Material
Methods
A laser range finder was used to survey channel hydraulic geometry. Channel slope was
determined over a 6km reach of river using a DGPS sampling at 1 second intervals. Bed
grain size was calculated using a CAMSIZER. We surveyed channel width, depth, and
slope at 18 cross sections and found fairly consistent values with averages of approxi-
mately 1.5m, 5m, and 0.0008, respectively. Bank toe erodibility measurements were made
using the Mudbuster in-situ erodibility tester described in the cited manuscript. At each
cross section, 4 measurements of τc were taken at the toe of the channel bank, while a single
value for bankfull fluid stress, τbf , was determined from Eq. 4.1. A reach-averaged value
of τc was used to create the data collapse in Fig. 4.3E.
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Planform Morphology Case Studies
FIGURE B.1: Single-threaded rivers, plot as braided rivers when τc for co-
hesive sediment is not taken into account. When τc for threshold-limiting
material is properly accounted for, the correct planform morphology is pro-
duced by the model
A comparison of the expected planform morphology for the single-threaded Mullica
river and the single-threaded rivers from Schumm (1963) when τc of the cohesive banks
is into account versus when τc is incorrectly calculated from the bed sediment. When τc
is not accounted for properly, the single-threaded channels all plot as braided. For the
Schumm data, a proxy for τc based on silt-clay composition was used (Julian and Torres,
2006). From the comparison, it is evident that the only way for fine-grained rivers with dis-
charges and slopes of those magnitudes to form a single-threaded planform morphologies
is for bank cohesion to be a first-order controller of hydraulic, and subsequently planform,
geometries.
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FIGURE B.2: A) Map of Fraser River case study showing transition from
braided morphology to anastamosed morphology across gravel-sand tran-
sition (Venditti and Church, 2014). B) Data from Fraser river showing shift
to observe morphology when a representative τc for cohesive sediment is
used for sand reach.
A case study from Venditti and Church (2014) of a change in planform morphology
from an active braided channel to an anastamosed channel system across a gravel-sand
transition (GST), and thus a change in the threshold-limiting material for a relatively con-
sistent discharge and sediment supply. As seen in Fig. B.2A, upstream of the gravel-sand
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transition, the channel contains unvegetated, presumably active in-channel bars. Down-
stream of the GST the channel switches to a more stable, anastamosed state, comparable
to a single-threaded morphology (Jerolmack and Mohrig, 2007). Using a representative
τc = 8Pa for cohesive sediment, we see that the transition from a braided morphology to
an single-threaded (anastamosed) morphology can be modelled.
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